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SUMMARY 
 

The University of Stavanger (UiS ) is competing in a Formula Student competition at Silverstone in 

spring 2013 with a Formula Student racing car. This Master Thesis aims to design, analyze and test the 

steering system of the racing car. The car is built during the process of writing the thesis.  

A manual steering system was preferred as the weight of the car is low and to reduce the risk of 

spillage due to the hydraulic pump that would be necessary with a power-assisted steering system. 

With an electrical driven system, additional weight would be added with an extra or heavier battery.  

The car was designed for optimal performance in the skid-pad event with a reversed-Ackermann 

design. The Ackermann angle of the offset arm was set to 39.3 degrees giving the outer wheel an angle 

of 13 degrees and the inner wheel an angle of 11 degrees in a turn with a radius of 7583 mm.  

The steering rack was placed in a far-front position to avoid big buildups of momentum during 

driving. The tie rods were angled at a same angle as the lower a-arm to reduce the bump steer.  

The biggest lateral force occurred during cornering and this was used for the design of the tie rods. 

During the analysis of the system, a bigger force occurred on the tie rod during braking, and the 

system was rechecked and approved for this force.  

MSC Adams was used in the design and analysis phase to consider the functionality and behavior of 

the steering system.  

Due to limitations in the budget, the team used the same Hoosier tires as last year. The 2014 team 

should pay to get access to the Milliken Research Associates, which is a tire test consortium, to obtain 

tire test data and make a decision if another brand of tire would fit the project better. The budget for 

the steering system should also be raised to be able to buy a lighter steering rack to lower the total 

weight of the steering system. The total weight of the 2013 steering system is 3957.8 grams.  

The 2013 budget for the steering system was set to 5500 NOK. A new quick release mechanism had to 

be bought which raised the total amount for the system to 6228.56 NOK. It should be possible to use 

the same quick release mechanism next year.
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1 INTRODUCTION 
 

1.1 Background 

The University of Stavanger (UiS) is participating in a Formula Student competition in the United 

Kingdom (UK) at the Silverstone circuit from 2
nd

 to 7
th

 July, 2013. The Formula Student (FS) is run by 

the Institution of Mechanical Engineers (IMechE) and is arranged each July at the Silverstone. It is a 

competition that challenges young student-engineers from all over the world to design, build and 

compete with a single-seat racing car.  

In 1981, the Society of Automotive Engineers (SAE) started to run competitions in the United States. 

In 1998 it was held a demonstration event in the United Kingdom (UK) where two US cars and two 

UK cars competed. Since then, the competition has been arranged every year in the UK and at the 

Silverstone circuit since 2007.  

Formula Student has four classes:  

- Class 1: The teams design, manufacture and race a fully working car 

- Class 1a: The same as class 1, but the cars are running on alternative fuel 

- Class 2: Teams have planned and designed, but not build a car, and are judged on business 

presentation, design and cost  

- Class 2a: The same as class 2, but the teams have planned an alternative fuelled car  

The University of Stavanger (UiS) attended for the first time the class 1 group at Silverstone in July 

2012. With more than 3000 students from 34 countries and 132 cars the competition was hard, giving 

a total score of 111.2 points and a 84
th
 place where the best team scored 850.5 points.  

 

1.2 The Objective 

The objective for the competition is to produce a prototype racing car for autocross and sprint racing 

within the design rules set by the competition rules. The teams have to assume that a manufacturing 

firm has engaged them, and that the customer is a non-professional racer who demands the car to be 

low in cost, reliable and easy to maintain. To manage this, the students have to work in teams and gain 

management and marketing skills as well as technical and communication skills. During the 

development and manufacturing process, the teams have to upload documentations to the judges to 

identify their goals and to get clearance for their design. Cost analysis is a vital part of the process 

which has to be presented at the competition. By doing these steps the students learn the importance of 

keeping the project within the budget and to the deadlines.  

The teams will go through the following testing at the competition days:  

Static events:  

- Design, cost and presentation judging 

- Technical and safety scrutineering  

- Tilt test 

- Brake and noise test 
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Dynamic events:  

- Skid pad (driving in a figure of 8) 

- Sprint 

- Acceleration 

- Endurance and fuel economy 

 

1.3 The Aim 

This Master Thesis aims to design, analyze and build a steering system for the formula student 2013 

racing car (appendix A). During the process of writing the Master Thesis, a fully functional system has 

also been manufactured, tested and assembled on the racing car. During the project, economical 

funding from sponsors has made an upper limit of what is achievable when it comes to material 

choice, weight etc. of the components chosen.  

MSC Adams has been used in the analyzing phase for multi-body simulation of the steering system.   

 

1.4 Conclusions 
 

 

1.5 Recommendations 
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2 TIRE 
There are three main different construction types of tires used in the car industry:  

- Radial tires:  

A series of cord plies, which are layers embedded in the rubber to strengthen it and hold its 

shape, are arranged perpendicular or radial to the direction of travel. This makes the tire act 

like a spring with flexibility and better comfort. In addition, belts are added closer to the 

direction of travel to add further stiffness.  

 

- Bias belted tires:  

Stabilizer belts are bonded to two or more bias-plies, directly beneath the tread.  

 

- Bias ply tires:  

Plies extend diagonally from bead to bead with other plies laid in opposing angles making a 

crisscross pattern. The tread, which is the area of the tire that comes in contact with the road 

surface, are applied onto the crisscross pattern.  

2.1 Lateral force 

A tire will experience lateral force. According to SAE J670, “a lateral tire force originates at the 

“center” of the tire contact with the road, and is perpendicular to the direction in which the wheel is 

headed.” The centroid of the lateral force is aft of the center of the print. The print is the area of the 

tread of the tire that is in contact with the ground at any moment.  

2.2 Pneumatic trail 

The distance from the center of the print to where the lateral force is acting is called the pneumatic 

trail. Pneumatic trail is generated when the tire is subjected to side forces as in cornering, and is 

greater towards the rear of the contact patch due to lateral force building up along the length of the 

patch. This creates a aligning torque on the tire that tends to steer it in the direction in which it is 

travelling. The resultant force will occur behind the center of the contact patch. As it occurs at a 

distance to the rear from the center patch it can be seen on as the moment arm through which the 

lateral force acts.  

Pneumatic trail can be expressed as  

   
  

  
         (Equation 3.1) 

where  

MZ: Self-aligning torque [Nm] 

FY: Lateral Force [N] 

 

As the slip angle increases, the pneumatic trail and aligning torque will decrease as more of the rear 

contact patch starts to slide laterally. The footprint is sliding and hence got less ability to stabilize the 

wheel.  
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Figure 2-1: The pneumatic trail distribution 

The pneumatic trail is a good source of telling when the breakaway would occur and that the front 

wheels are near the limits before sliding starts.  

 

2.3 Mechanical trail 

The caster angle gives a mechanical trail which is fixed by the steering and suspension geometry.  

 

Figure 2-2: Mechanical and pneumatic trail on a tire 

The mechanical trail is expressed by  

                    ( )         (Equation 3.2) 

 

where 

α: caster angle [degrees] 

R: Radius of tire [mm] 

 

2.4 Slip angle 

The angle between a wheels actual direction of travel and the direction towards which it is pointing is 

called the slip angle.  

  



14 
  

3 STEERING SYSTEM 
The steering system plays an important role for the vehicle as it is the “interface” between the driver 

and the vehicle. The driver turns the steering wheel which will rotate the steering column and give 

further movement in the steering rack. The motion is then transmitted to the wheels by the tie rods.  

The design and type of the steering rack depends on the system chosen. The steering systems used are 

divided into power assisted and manual steering systems, each designed to help the driver to turn 

easily for optimal performance with different configuration of the vehicle.  

3.1 Power Assisted Steering Systems 

Power assisted steering systems are used to amplify the turning moment applied to the steering wheels 

for heavier vehicles which might be hard to turn with a manually steering system at low speeds. This 

is practical when the car is at a standstill and the wheels have to be turned, i.e. when parking.  

A power assisted steering system is supported by a hydraulic pump driven by the motor which directs 

pressurized oil, a boost, to the steering gear and helps to push or pull the rack in either of the 

directions. The boost is applied to the steering linkage or the steering gear. A flow control valve limits 

the fluid flow to the cylinder, and a pressure relief valve controls the pressure.  

The system can also be electrical driven. This is more efficient as the electric power steering only 

needs to assist when wheels are turned and are not run constantly with the engine as the hydraulically 

driven system. It also works even if the motor is not running and by the elimination of the pump, hoses 

and fluids the weight is reduced. There is no leakage of fluids and it runs quieter as there is no pump.   

 

3.1.1 Power Assisted Rack and Pinion 

The rack and pinion gear system is assisted by a pump connected to the engine and is run along with 

the engine. The pump is pumping fluid from a reservoir, through a controlling valve and into the 

system, as seen in figure 4-1.  

The rack contains a cylinder with a piston and two fluid ports. By applying pressurized fluid to one of 

the sides of the piston forces the piston to move, which will move the rack.  

As the pump is connected to the engine it only works when the engine is running. This is the reason 

why it is hard to turn the steering wheel when the car is turned off.   

 

Figure 3-1: Power assisted rack and pinion 
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3.2 Manual Steering Systems 

The manual steering systems are used on light weighted vehicles, or vehicles which have the biggest 

distribution of mass on the rear wheels and can be easily turned with manual steering at low speed. 

The systems are fast and accurate and it provides a reliable design. 

However, it will become more difficult to handle the vehicle at low speed if wider tires are used or 

more weight is distributed to the front wheels. These concerns play a big role when analyzing if 

manual steering should be used.  

There are different types of manual steering gear systems:  

 Worm and roller 

 Worm and sector 

 Worm and nut 

 Cam and lever 

 Rack and pinion 

3.2.1 Worm and Roller 

The worm and roller gear has a connection between the worm and the roller, and the roller is 

supported by a roller bearing, as seen in figure 4-2. When the steering wheel turns the steering shaft, 

the worm is rotated which turns the roller. As a result of this motion, the sector and pitman arm shaft 

rotates.  

The worm has a hourglass shape for variable steering ratio and better contact for the worm and roller. 

The variable steering ratio will result that the wheels turns faster at some positions than others. This 

will provide more steering control at the center of the worm, and more rapid steering as the wheels are 

turned.  

 

 

Figure 3-2: Worm and roller steering gear system 
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3.2.2 Worm and Sector 

The worm and sector steering gear is shown in figure 4-3. The pitman arm shaft carries the sector gear. 

As the steering wheel rotates, the worm on the steering gear shaft rotates which rotates the sector and 

the pitman arm.  

 

Figure 3-3: Worm and sector steering gear system 

 

3.2.3 Worm and Nut 

The worm and nut steering gear comes in different combinations where the recirculating ball is the 

most common type as shown in figure 4-4. The recirculation ball combination offers the connection of 

the nut on a row of balls on the worm gear to reduce friction. Ball guides returns the balls as the nut 

moves up and down. The ball nut is shaped to fit the sector gear.  

When the steering wheel is turned, the steering shaft rotates along with the worm gear fitted at the end 

of it. The recirculation balls starts to move, and this moves the ball nut up and down along the worm. 

This turns the pitman arm.  

 

 

Figure 3-4: Worm and nut steering gear system 
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3.2.4 Cam and Lever 

In the cam and lever gear, two studs are connected on the lever and engage the cam, figure 4-5. As the 

steering wheel is turned, the steering shaft will rotate and move the studs back and forth which move 

the lever back and forth. This will cause a rotation in the pitman arm. The lever is increased in angle 

compared to the cam, which will result in a more rapid move of the lever as it nears the ends, as in the 

worm and nut gear.     

 

Figure 3-5: Cam and lever steering gear system 

3.2.5 Rack and Pinion 

In the rack and pinion gear, the rotating steering wheel and steering shaft rotates the pinion gear at the 

end of the steering shaft, figure 4-6. The rack is fitted to the pinion and as the pinion rotates, the 

rotation motion is changed to transverse movement of the rack gear and moves it to one of the sides. 

The tie rods at the ends of the rack, which are connected to the wheels, are pushed or pulled which 

turns the wheels.  

 

 

Figure 3-6: Rack and pinion steering gear system 
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The teeth on the rack can be either linear or variable. With a linear rate there is the same amount of 

teeth over the whole area which makes the wheels to respond the same regardless of the angle. With a 

variable rate the rack has closely packed teeth at the center and the distance between the teeth widens 

towards the ends. The result is better adjustment when driving straight and bigger respond when doing 

sharp turning.  

 

3.3 Stability and Control 

The handling, stability and control of the vehicle are influenced by many factors which have to be 

considered. I.e. the caster angle cannot be changed after the suspension system has been designed and 

mounted on the vehicle. The caster angle will affect the mechanical trail which will affect the response 

and feeling between the driver and the front wheels. Therefore, it is important to fully analyze all the 

affecting factors of the system.  

3.3.1 Ackerman 

The Ackerman geometry was developed by Langensperger and Rudolf Ackerman in the 1880s and 

introduced a better way of turning a vehicle. Before this method, the tires was scrubbing and leaving 

marks when they turned because of the geometry making the front wheels to turn at an equal radius. 

This made it harder to turn as the inner wheel would slide sideways and forge unwanted wearing and 

heat. 

The solution was to make a steering geometry to what is known as the Ackerman steering (fig. 4-7). 

When the vehicle is turning, the inner and outer wheels will travel at a different radius and different 

angle (miss-aligned); the inner wheel will travel at a smaller radius and a bigger angle than the outer 

wheel and hence, in a left turn i.e. the right wheel moves faster to undergo a larger distance in the 

same amount of time. It is important though to ensure that the wheels are traveling straight without 

any angle for full stability when not turning, and only are miss-aligned when cornering. Reverse-

Ackermann is the geometry when the outside wheel turns at a greater angle than the inside wheel.   

 

Figure 3-7: Ackermann Steering 

The Ackerman condition is expressed by 
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        (Equation 4.1) 

where 

                                                                   

                                                                    

                             

             (                                        ) 

It can be noted that the rear track has no effect of the Ackerman condition of a front-wheel steering 

vehicle and that the difference in the inner and outer steering angle will decrease as w/l decreases.  

The angle for the inner and outer wheel can be expressed by 

          (
 

   
 

 

)        (Equation 4.2) 

          (
 

   
 

 

)        (Equation 4.3) 

where  

                                                           

The radius to the mass center of the vehicle, of which the vehicle is turning, can now be found by 

simple Pythagoras equation:  

     
    

         (Equation 4.4) 

where  

                                               

 

To produce Ackerman steering, the offset arm, in which the tie rod connects to the wheels, must be 

angled inwards with an angle β to create a change in the angle and unequal angular movement of the 

front wheels when turning (figure 4-8 and figure 4.9).  

 

Figure 3-8: The vehicle is heading in a forward direction 
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Figure 3-9: Ackermann steering gives different angles of the wheels during cornering 

The angled offset arm can be expressed by terms of inner and outer wheel angle;  

(        )  (      (    )      (    ))
  (    (    )      (    ))

   

          (Equation 4.5) 

The figures above illustrate Ackermann geometry where the offset arm points rearward and the 

steering rack is placed behind the front axle. To obtain a reverse Ackermann geometry, the offset arm 

is pointed forward and the steering rack is placed in front of the forward axle.  

Reversed Ackermann is often used in racing as the cars performance increases when cornering at high 

speeds. In a turn, the centrifugal forces will increase as the speed increases. This will also increase the 

slip angles as they are raising the lateral tire forces to prevent the car from sliding out. As the normal 

force is higher at the outer wheel in a turn due to weight distribution, a loss in friction coefficient will 

occur. This can be counterbalanced for by using a larger slip angle on the outer wheel which is 

obtained by reversed Ackermann geometry.  

 

3.3.2 Toe In/Out 

The toe in/out configuration explains the position of the wheels relative to the neutral toe position 

where the distance between the front parts of the wheels equals the distance between the rear parts, as 

seen in figure 4-10. The tie rods are adjusted to give the desired toe.  

The toe configuration affects the handling of the vehicle and its performance on the straights and 

corners. Tire wearing will also be affected by the configuration chosen. By analyzing the race track, 

the best decision of the toe configuration can be made.  

 

Figure 3-10: Neutral toe configuration 
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3.3.2.1 Toe In 

In a “toe in” configuration, or positive toe, the front wheels are turned inwards giving a shorter 

distance between the front parts of the wheels and bigger distance at the rear parts as seen in figure 4-

11.  

By increasing the “toe in” configuration, better stability can be achieved on the straights, but it will 

give less turning response in the curves.  

 

Figure 3-11: Toe in configuration 

 

3.3.2.2 Toe Out 

Figure 4-12 shows the “toe out” configuration where the distance at the front parts of the wheels are 

bigger compared to the rear parts. This is also called negative toe.  

The “toe out” position is more common in racing as the wheels are aligned in a position that 

encourages the initiation of a turn.   

 

Figure 3-12: Toe out configuration 

 

The “toe out” may appear in five forms at the vehicle:   

 Static “toe out” 

o This is the “toe out” as a result of the adjustments of the tie rods. The tie rods are 

adjusted in a way that the wheels are “toed out”. 

 

 “Toe out” due to the tie rods configuration 

o By using a shorter tie rod on the front left side compared to the front right side, the left 

wheel is steered at a larger angle than the right wheel when turning to the left. 

However, when turning to the right, this configuration will give a “toe in” position. 

 

 Toe out on Ackerman steering 

o When using an Ackerman configuration, the “toe out” will occur when turning the 

wheels. This means that the toe out due to the Ackerman configuration only occurs in 

turns.  
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 Toe out due to bump steer 

o When riding, the ride motions and the body roll can lead to toe out 

 

 Toe out due to slip angles 

o As the vehicle is turning, the outside contact patch between the wheel and the road 

will experience heavier load than the inside contact patch which result in a larger slip 

angle for the outside patch than the inside patch. As a result, the contact patches can 

be toed out.  

 

3.3.3 Camber Angle 

The camber angle is the angle between the vertical axis of the wheel and the vertical axis of the 

vehicle. The angle is negative if the wheel leans towards and positive if it leans away from the chassis.  

The cornering forces on a wheel are dependable on the wheels angle on the road surface, and so the 

camber angle plays a major role on the forces acting on the car. It can also be used to increase the 

temperature in the wheels to their proper operating temperature by giving more negative camber angle.  

 

3.3.4 Caster Angle 

The caster angle is the angle between the pivot line and the vertical line at the center of the wheel. The 

angle adds damping to the steering system as it controls the steering; too much caster angle makes the 

steering heavy. The caster can be positive or negative:  

 Positive: If the top pivot is placed further to the rear than the bottom pivot – axis tilted 

forward 

 Negative: If the top pivot is placed further to the front than the bottom pivot – axis tilted 

backward 

Positive caster angle enhance straight-line stability when driving forward as it straightens the wheels. 

This happens because the steering axis, which points forward, pulls the wheel along when the car 

moves.  

As the caster angle is increased, camber gain can be achieved in corners.  

 

3.3.5 Bump-steer 

If the vehicle experience bumps on the track, the wheels may have the tendency to steer themselves 

without the driver doing any changes to the steering wheel. This is undesirable and known as bump-

steer. The wheels will change between toe out and toe in as the suspension compress and de-compress 

during the bump. The steering wheel must be moved constantly to keep the vehicle in a constant turn. 

The wheel will also tend to toe out in a sharp turn as some of the weight is distributed to the outer 

wheel and hence makes the suspension on the outer wheel to compress.  

Bump-steer will also cause increase tire wear 

Bump-steer can be avoided by designing the same length and angle on the tie rod and the lover a-arm, 

and by ensuring that they both travel along the same arc during a bump.  
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By comparison; if the tie rod got a shorter length, the travelling arc would also be shorter. The shorter 

arc would pull on the wheel and make it toe in during a bump.  

It can also be controlled by introducing shims on the connection point between the tie rod and the bolt, 

which will increase the elimination of the toe experienced. However, it is important that the size of the 

shims is within the limit of what the bolt can handle, as the shim introduces a moment to the bolt when 

the lateral force is acting on the tire. The bigger the lateral force, the smaller the shim should be to 

avoid big moment on the bolt.  

 

3.3.6 Neutral-/under-/oversteer 

A lot of factors are playing together when deciding how nicely a car will take a turn. The position of 

the center of gravity, the suspension geometry and the speed are all affecting the cornering ability. It 

can also change the cornering handling if the car is front wheel driven or rear wheel driven. By 

combining these factors, the car can experience what is known as neutral-, under- or oversteer.  

The terms understeer and oversteer is relative to the geometric path established by the Ackermann 

steering angle; 

   
 

 
          (Equation 4.6) 

 

3.3.6.1 Neutral steer 

If the center of gravity of the vehicle is positioned at the middle of the wheelbase with length l, the 

front and rear cornering stiffness is equal;  

a = b = l/2 and CF = CR 

The cornering forces of the front and rear tires are reacting the centrifugal force pulling the vehicle 

sideways. The force equilibrium is  

                                   (Equation 4.7) 

The moment equilibrium is  

                       (Equation 4.8) 

With the assumption that a = b = l/2:  

  αF = αR 

Neutral steer is obtained if the vehicle follows the geometric path established by the Ackermann 

steering angle as lateral acceleration AY is applied. Since CF = CR = C and αF = αR = α1 

           

 

3.3.6.2 Understeer 

By moving the center of gravity ahead of the center of the wheelbase, the static load on the front 

wheels increases.  

By assuming the location of the center of gravity at a distance 1/3 behind the front track implies that 
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the front wheels are carrying twice the load of the rear; 2/3 W on the front wheels and 1/3 W on the 

rear wheels. As the side forces are reacted in the turn, the front track takes 2/3 of the cornering force 

and the rear 1/3.  

At the rear: 

     (     )   (      )             

    
 

 
    

The rear slip angle αR gets a 1/3  reduction due to rotation effect and this must be compensated for by 

an increase in the steer angle δ. αR will try to steer the car into the turn.  

At the front: 

     (     )   (   
 

 
  )   

 

 
         

    
 

 
    

To bring the front slip angle to 4/3 α1, another 1/3 α1 is needed and is obtained by an increase in the 

steer angle δ. αF will try to steer the car out of the turn.  

 

The net steering effect is 

      
 

 
   

 

 
   

 

 
    

out of the turn as the front track predominates. It is required 2/3 α1 more than for the neutral steer car 

to obtain the specified radius.  

The total steering angle is 

  
 

 
 (      )  

 

 
 

 

 
    

More steer angle is required to hold the radius of the turn.  

 

3.3.6.3 Oversteer 

If the center of gravity is moved 2/3 behind the front axle, the static load is 2/3 on the rear wheels and 

1/3 on the front wheels. As the side forces are reacted in the turn, the front track takes 1/3 of the 

cornering force and the rear 2/3.  

At the rear: 

     (     )   (
 

 
     )   

 

 
         

    
 

 
    

The rear slip angle gets an increase due to tail swing effect and predominates in the turn.   
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At the front: 

     (     )   (      )             

    
 

 
    

 

The net steering effect is 

       
 

 
   

 

 
    

 

 
   

into the turn as the rear track predominates. It is required 2/3 α1 less than for the neutral steer car to 

obtain the specified radius.  

 

The total steering angle is 

  
 

 
 (      )  

 

 
 

 

 
    

Less steer angle is required to hold the radius of the turn. 

  



26 
  

4 STEERING SYSTEM DESIGN GUIDELINES 
 

4.1 Formula Student SAE 2013 Rules 

The rules for Formula Student 2012 are valid for the competition at Silverstone in July 2013. In 

addition, some minor changes have been made and are pointed in an overview for 2013. The rules can 

be found in appendix C.  

 

4.1.1 Wheels 

 The wheels of the car must be 203.2 mm (8.0 inches) or more in diameter. (SAE 2012) 

 Any wheel mounting system that uses a single retaining nut, must incorporate a device to 

retain the nut and the wheel in the event that the nut loosens. (SAE 2012) 

 Teams using modified lug bolts or custom designs will be required to provide proof that good 

engineering practices have been followed in their design. (SAE 2012) 

 

New rule by 2013:  

 Extended or composite wheel studs are prohibited. (SAE 2013) 

 

4.1.2 Tires 

 Vehicles may have to types of tires:  

o Dry tires:  

The dry tires may be any size or type. They may be slicks or treaded. (SAE 2012) 

o Rain tires:  

The rain tiers may be any size or type. They may be threaded or grooved.  

The tread pattern or grooves must have been molded by the tire manufacturer or were 

cut by the tire manufacturer. (SAE 2012) 

There must be a minimum tread depth of 2.4 mm (3/32 inch). (SAE 2012) 

 

New rule by 2013:  

 Remoulded or re-treaded tires are prohibited. (SAE 2013) 

 

4.1.3 Steering 

 The steering wheel must be mechanically connected to the wheels, i.e. “steer-by-wire” is 

prohibited or electrical actuated steering is prohibited. (SAE 2012) 

 The steering system must have positive steering stops that prevent the steering linkages from 

locking up. The stops may be placed on the uprights or on the rack and must prevent the tires 

from contacting suspension, body, or frame members during the track event. (SAE 2012)  

 Allowable steering system free play is limited to seven degrees (7
0
) total measured at the 

steering wheel. (SAE 2012) 
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 A free vertical cross section, which allows the template to be passed horizontally through the 

cockpit to a point 100 mm rearwards of the face of the rearmost pedal when in the inoperative 

position, must be maintained over its entire length. (SAE 2012)  

 

Figure 4-1: Cockpit template, Formula SAE 

 

4.1.4 Steering Wheel 

 The steering wheel must be attached to the column with a quick disconnect. (SAE 2013) 

 The steering wheel must have a continuous perimeter that is near circular or near oval. “H”, 

“figure 8” or cutout wheels are not allowed. (SAE 2013) 

 In any angular position, the top of the steering wheel must be no higher than the top-most 

surface of the Front Hoop. (SAE 2013) 
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5 STEERING SYSTEM DESIGN 
 

5.1 Steering System Considerations 

When designing the steering system, some factors have been considered, and the performance of the 

last year’s formula student car has been analyzed;  

 Power assisted or manual assisted steering system! 

By comparing the new race car design (body, frame, engine etc.) with the last year’s design, 

the weight is calculated to be less than the 256 kg of last year (2012). The weight of the frame 

will be the same as last year, but using less material-thickness on the body, and lighter battery 

and radiator, the new weight will be approximately 240 kg. With addition with the driver, at a 

maximum weight of 80 kg, the total weight will be 320 kg.  

 

The weight of the race car is small, compared to other commercial vehicles, which makes it 

easy to turn at low speeds. It will also be operated in races and needs a fast and reliable 

steering system. The rack and pinion steering gear is the best option for this car.  

 

By comparing manual and power assisted steering, the power assisted steering option is not 

preferable due to different factors:  more weight would be put on the car with a power assisted 

steering system, due to different factors:  

o More weight will be put on the racing car with more components as the hydraulic 

pump, valves and hoses.  

o The risk of leakage and spill, and even fire, will rise with a hydraulic pump, flow 

control valves and hoses. This is not preferable in racing conditions with hot engines 

and high speeds.  

o With the option of electrical driven system, a bigger battery will be needed which 

raises the total weight. An electrical system is also at bigger risk when it comes to 

errors due to rain and technical faults.  

 

Taking these factors into consideration, a manual steering rack and pinion gear system is 

chosen with a linear steering rack.  

 

 

 The drivers of last year’s team (2012) were reporting that the vehicle was easy to operate and 

it turned easily in the corners. However, the vehicle had problems with driving straight 

forward without turning to one of the sides. The steering wheel was also too wobbling.  

This is coped with by analyzing the steering system in MSC ADMAS to get a visualization of 

the handling of the vehicle.  

The steering wheel was stabilized with ball bearings.  

 

 The weight distribution of the last year’s car was too far to the front.  

To get a better weight distribution to the rear of the vehicle, the a-arms supporting the front 

wheels have been redesigned placing the wheels more ahead compared to the last year’s 

position. This was done by analyzes in the other master thesis. The lower a-arms are pointing 

more ahead than the upper a-arms, making a caster angle on the front wheels. This has 

resulted in a new position of the steering rack further to the front to avoid big angles and big 

momentum on the tie rods.  
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Placing the weight distribution more to the rear will also give better performance with the 

manual steering rack.  

 

 Last year (2012), the team were choosing dry and wet Hoosier 20,5 x 7,0 – 13 C2500 racing 

tires. The feedback was positive and both types of tires were used during the competition as 

there was raining some of the days. Hoosier is also a popular brand used by other teams 

during Formula Student.  

Because of the positive feedback from last year, and budget considerations, it was decided to 

continue to use the Hoosier racing tires that were bought in last year. Some teams are using 10 

inches wheels as this will lower the total weight. However, the 13 inches wheels give a wider 

contact patch between the tire and the road compared with the 10 inches wheels, which is 

preferable for a racing car. Also, the budget did not allow us to change wheels this year.  

 

Hoosier is suited for small Formula Student cars and has been used by other winner teams, as 

stated on their homepage:  

“Global formula racing wins 3
RD

 consecutive FSAE title on Hoosiers” (www.hoosiertire.com).  

 

 As there will be new positions of the front a-arms, there will also be manufactured new 

uprights. As a result, the tie rods and steering rack can be placed in a new and better position 

to avoid big tie rods momentum forces. The offset arm will be designed for optimal forces and 

reversed-Ackermann.  

 

 The same steering wheel w/ paddle shifters as last year will be disassembled, and assembled 

on the new car.  

 

 The steering system will be designed for reversed Ackermann steering giving optimal 

handling in the skid-pad event. The skid-pad layout consists of two concentric circles with an 

inner diameter of 15.25 meters and a horizontal distance of 3 meters between the cones.  

 

Figure 5-1: Skid-pad layout 

http://www.hoosiertire.com/
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5.2 The Seering System  

The steering system consists of a steering wheel with paddle shifters mounted on a quick release 

mechanism. The quick release is connected to a double linkage steering column which is connected to 

the steering rack. A tie rod with a rod end in each end is connected to the steering rack at one end, and 

to the offset arm at the other end (figure 6-2).  

 

Figure 5-2: Steering system without steering wheel and quick release mechanism 
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5.3 The Acting Forces 

To be able to design the tie rods for the forces transferred from the front tires via the rod ends, a 

calculation of the tire forces has been done. The forces are depending on the slip angles forced on the 

tire VS the cornering force.   

The manufacturer is not obligated to publish these results, but some do publish them. For the Hoosier 

tires, the test results are not published and not given when buying the tires. However, Milliken 

Research Associates is a tire test consortium of Formula SAE teams who volunteers to test and obtain 

tire data. Any results obtained within the consortium are not allowed to be published on the internet, as 

stated by the rules: “Individuals and teams are prohibited from donating or selling the data to any other 

individual, group, team or university, or posting it on the internet “ (Millikenresearch). These test 

results can be obtained by paying a registering fee of 500 USD. As the 2013 budget are strict, this is 

not a possibility.   

A former Master Thesis in 2006 at the Technical University of Eindhoven
 
(A. van Berkum )has 

obtained test results for Avon 7.0/20.0 – 13 pro series tires. As we are using Hoosier 7.0/20.5 – 13 

racing tires, the dimensions of the tires are almost identical as we only got 0,5 inches more at the outer 

dimension of the tire. Hence, the results for the Avon tire was used in further calculations to get an 

estimate of the forces acting on the Hoosier tires.  

Figure 6-3 shows the slip angle vs. cornering force, tested with slip angles from -7 to 7 degrees.  

 

Figure 5-3: Slip angle VS cornering force for Avon 7,0/20,0 – 13pro-series 

 

The test results have been obtained with normal forces of 1500 N, 2500 N and 3500 N (approx. 150 

kg, 250 kg and 350 kg). It is clearly showed that the cornering force is increased with bigger normal 

forces on the tire and at bigger slip angles. The total weight of the vehicle should be reduced as much 

as possible to avoid big cornering forces.  
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The forces that are acting on the racing car during the race will be down-forces, bump forces, 

cornering forces, accelerating and braking forces.   

The forces are calculated with a total weight of 320 kg including the driver. Further, a weight 

distribution of 50/50 front and rear are assumed. In table 6-1, the weight distributed on the tires is 

shown.  

Table 6-1: The weight distribution on the car on the rear and front wheels  

Tire Weight [kg] Force [N] % of total 

Left/Right front 80 784.8 25 

Both front 160 1569.6 50 

Left/Right rear 80 784.8 25 

Both rear 160 1569.6 50 

 

When calculating the cornering forces it is assumed that the maximum cornering forces are obtained. 

This will happen at a small negative camber angle, typically around – ½ degrees. This is due to the 

contribution of camber trust which will add an additional lateral force due to elastic deformation 

[Hagerman. John, Grassroots Motorsports Magazine].  

 

5.3.1 Down-Forces 

When using a front and back wing on the race car, the aerodynamic forces will increase and produce a 

down-force on the front and rear tires. This force is known as aerodynamic grip force and will press 

the race car against the surface of the race track.  

The created down-force is dependent on the shape and the angle of attack. With a larger surface area a 

greater down-force are created. It will also increase when cornering.  

The formula for the down-force created by a wing is given as:  

   
 

 
 (                                )            (Equation 6.1) 

where  

F = lift coefficient 

ρ = air density in kg/m
2 

v = velocity in m/s 

The down-force equals v
2
 and will increase or decrease linearly with a change in the speed. At 75 

km/h the down-force is 1040 N at the front wheels together (dukemotorsports).   

As the force changes linearly, the rate of change can be calculated:  

                    (Equation 6.2) 

  (  
  

 
)         

         
 

(
  
 

) 
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When designing the steering system for the down-force, the force generated by the rear and front wing 

at a speed of 110 km/h has been calculated. The velocity is used to calculate a bigger force than will 

probably occur during the race as the race car would probably not reach a speed of 110 km/h. A safe 

margin is needed to assure that the system can cope with the exerted force.   

At a speed of 140 km/h, the down-force is; 

                       
 

(
  

 
)
  (    

  

 
)
 

                      

By assuming that this down-force is distributed by the front and rear wing and it is distributed 50/50 

front and rear, table 6.2 shows the distribution of the down-force on the wheels.  

Table 6.2: Down-force distribution by the rear and front wing at 110 km/h 

 Down force [N] 

Front left and right wheel 559 

Front wheels 1118 

Rear left and right wheel 559 

Rear wheels 1118 

 

This equals a down-force of 0.7 G.  

5.3.2 Bump Forces 

Bump force are the amount of force applied on the car when driving over a bump. The force depends 

on both speed and if there exist any aerodynamic forces due to the usage of wings which will increase 

the bump forces.  

An assumption of 3,5 G has been used when calculating the forces.  

Table 6.3: Bump forces acting on the wheels 

 Bump force [N] 

Rear wheels 5665 

Front wheels 5665 

 

5.3.3 Cornering Forces 

During cornering the tires produce lateral forces. The lateral forces act on the car’s mass and as a 

result the car will turn.  On a left turn, the weight distribution on the front tires will increase on the 

outer tire and decrease on the inner tire as a result of the car “leaning” to the right.  
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Figure 5-4: Cornering forces on inner and outer front wheel 

where 

 HCG,f Height of center of gravity at front 

  Fcf,f Centrifugal force at front 

  FDF-I,f Down-force at inner tire at front 

  FDF-O,f Down-force at outer tire at front 

 FN-I,f Normal force at inner tire at front 

 FN-O,f Normal force at outer tire at front 

 Flat-I,f Lateral force at inner tire at front 

 Flat-O,f Lateral force at outer tire at front 

 Fg,f Gravity force at front 

The distance 

                      

 

where  

Front track width = 1290 mm 

a = b = 645 mm 

HCG,f,r = 340mm 

The equilibrium of momentum around CG: 

∑                (Equation 6.3) 

                                                                        

The equilibrium in vertical direction:  

∑             (Equation 6.4) 

                                        

The forces Flat-I,f and Flat-O,f can be written as functions of FN-I,f and FN-O,f using the standard friction 

model:  

 

               (Equation 6.5) 
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                               (Equation 6.6) 

                             (Equation 6.7) 

The same equations can be used for the forces on the rear tires. The friction coefficient is assumed to 

be 0,5 times smaller on wet road. 

Figure 6-5 and figure 6-6 shows the linear approximation of μlat on dry and wet road for the front and 

rear tire.  

 

Figure 5-5: μlat,f on dry road for front and rear tire 

 

 

Figure 5-6: μat,f on wet road for front and rear tire 

The normal force will equal the gravity force and down-force. Table 6.4 shows the normal forces 

acting on the tires.  

Table 6.4: Normal force at front and rear tires 

 Normal force [N] 

Front left and right tire 1343.8 

Front tires 2687.6 

Rear left and right tire 1343.8 

Rear tires 2687.6 

 

When cornering, an amount of weight will be increased to the outer wheel and the same amount will 

be decreased at the inner wheel as the car is “leaning”.  
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The amount that is increased and decreased in Fn on dry road at the front and rear tire is calculated 

below with a μ-value of 1,58. The same calculation can be done on a wet road with a μ-value of 0,79. 

The friction coefficient is based on a normal force of 1343.8 N (784.8 N at front tire + 559 N down-

force at front tire) and can be seen in appendix F.  

     (     )             (Equation 6.8) 

             
 

             
 

    

                       (Equation 6.9) 

                                       

       
 

                  

 

The outer front wheel will get an increase in FN; 

       
         

           
        (Equation 6.10) 

                                                               

                           

 

       
            

      
                      

The inner front wheel will get a decrease in FN by the same amount.  

When calculating for the rear, a track width of 1240 mm is used as the car is narrower at the rear track. 

The increase and decrease in FN at the rear is 

       
         

                
  

 

       
            

      
           

The cornering forces are presented in table 6.5 below.  

Table 6.5: Cornering forces at front and rear wheels 

 Dry road cornering forces [N] Wet road cornering forces [N] 

FN-I,f 232.6 788.2 

FN-O,f 2455.0 1899.4 

Flat-I,f 367.5 622.7 

Flat-O,f 3878.9 1500.5 

Fcf,f 4246.4 2123.2 

FDF-I,f 906.0 906.0 

FDF-O,f 906.0 906.0 

   

FN-I,r 187.8 765.8 

FN-O,r 2499.8 1921.8 

Flat-I,r 296.7 605.0 

Flat-O,r 3949.7 1518.2 

Fcf,r 4246.4 2123.2 

FDF-I,r 906.0 906.0 
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FDF-Orf 906.0 906.0 

 

The biggest lateral force on the front tire is 3878.9 N and will occur at the outer tire on a dry road. The 

tie rods and bolts must be designed to resist this lateral load.  

 

5.3.4 Braking Forces 

The mass distribution will change during the braking sequence; more mass will be distributed to the 

front tires from the rear tires. During braking, all tires will produce friction forces. Figure 6-7 shows 

the forces that appear during braking.  

 

Figure 5-7: Braking forces at front and rear tire 

Where 

 FN,r Normal force at rear tire 

 FN,f Normal force at front tire 

 FB,r Braking force at rear tire 

 FB,f Braking force at front tire 

 FDF,r Down-force at rear tire 

 FDF,f Down-force at front tire 

 Fg Gravity force 

 Fcf Centrifugal force 

The distances are 

a = 800 mm  

b = 800 mm 

hCG = 340 mm 

The equilibrium of momentum around CG: 

∑              (Equation 6.11) 

                                                    

The equilibrium in vertical direction:  

∑             (Equation 6.12) 

                               

The forces FB,r and FB,f can be written as functions of FN,,r and FN,,f using equation 6.5:  
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                           (Equation 6.13) 

                         (Equation 6.14) 

  

An equal amount of FN will increase and decrease during the braking; More mass will move to the 

front as the same amount will move away from the rear. Below is the amount calculated with the same 

procedure as in the cornering forces, but now the track width is substituted with the length of the 

wheelbase.  

      (     )          (Equation 6.15) 

              
 

             
 

    

                        (Equation 6.16) 

                

       
 

                   

The front wheel will get an increase in FN; 

           
         

                                       
     (Equation 6.17) 

            
            

       
           

The FN at the rear wheel will be decreased by the same amount.  

When calculating the braking forces a simplification has been done. The normal force used is 1569.6 

N (the total weight on one side of the vehicle without down-force). The down-force has not been taken 

into consideration for simplification reasons, as it will have a high value when braking from high 

speeds, and decrease as the speed decreases. The result in table 6.6 should therefore be seen as a 

guidance of the braking forces.  

The values for wet road braking has been calculated with μ=0.79.  

Table 6.6: Braking forces on rear and front wheel on dry and wet road 

 Braking forces on dry road 

[N] 

Braking forces on wet road 

[N] 

FN,r 673.7 1121.6 

FN,f 2465.5 2017.0 

FB,r 1064.4 886.1 

FB,f 3895.5 1593.4 

Fcf 4959.9 2479.5 
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5.4 The Design 

It is important to design a safe and reliable steering system to avoid breakdowns due to big forces and 

momentums in the components due to poor design and misplacements. Ackermann and bump steer 

considerations are important to avoid tire tearing, unstable turning, and good performance of the car as 

well as to make an optimal offset arm connected to the upright. The offset arm decides the angle for 

the tie rod and may in some cases produce big momentum and forces if the angle is too big.  

The position of the steering rack can decrease the forces if the right position is chosen.  

5.4.1 The Offset Arm 

The offset arm is the connection between the tie rod and the upright on each front wheel. When the tie 

rod changes position it pushes or pulls on the offset arm, changing the angle of the wheel and the car is 

turning. The geometry of the offset arm is therefore important as it controls how much the wheel turns 

and hence the angle of the wheel.   

Rapid prototyping was used in the designing process as the offset arm was printed in a 3D-printer to 

visualize the part and its position on the wheel.  

The offset arm was designed for reversed Ackermann steering geometry pointing forward on the 

upright and the steering rack placed in front of the front axle (see drawings in Appendix F). It was 

designed for maximum performance of the car on the skid-pad event allowing high speed when 

cornering. The event consists of two pairs of concentric circles making an eight pattern figure (section 

6.1). The diameter of the inner circle is 15.25 meters (radius of 7.625 meters).  

Equation 4.4 gives the radius from the center of rotation to the center of the rear axle:  

    √(      )  (       )             

The inner and outer wheel angle can then be found by equation 4.2 and 4.3:  

         (
 

   
 

 

)        (
       

          
       

 

)                               

         (
 

   
 

 

)        (
       

           
       

 

)                

The angle of the offset arm can now be found by equation 4.5. The arm has a horizontal length of 90 

mm from the center of the tire towards the rim.   

(                    (         ))  (                 (          

             )            (                      ))  (          (          

            )             (                       ))                    

The design will allow the steering rack to move 30 mm to the left or to the right during a cornering 

process before the offset arm comes into contact with the lower a-arm. Before the movement, the 

angle of the arm is 39.3 degrees relative to the straight forward direction. With a horizontal length of 

100 mm, the y-component is  

   (            )  
    

      
  

  y component = 63.34 mm 



40 
  

After a 30 mm movement, the y component is  

                         

and the angle of the arm is  

   (         )  
        

      
                 

relative to the straight forward direction.  

The difference in the angle, and hence the highest possible steering angle for the wheels, is  

                                           

and will occur at the outer wheel due to the reversed Ackermann geometry. This corresponds to a turn 

with a radius of 

   (             )  
       

   
    

 

  

  R1 = 3453.51 mm 

  √                                           

The inner wheel angle is 

         (
 

   
 

 

)        (
       

            
       

 

)                                

 

5.4.2 Steering Rack Position 

The steering rack will be placed within the marked area of the frame (see Appendix G).  

The mechanical and pneumatic trail will affect the position of where the resultant lateral force will 

work on the contact patch, and hence the decisions of the placement of the steering rack to try to 

decrease the working forces.  

 

The caster angle controls the mechanical trail and can be seen in figure 6-8. 
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Figure 5-8: The caster angle, α 

 

The caster angle is 

      (
    

     
)               

This gives a mechanical trail of (Equation 3.2) 

  

                    (         )                             

It is of interest to know at which slip angle the maximum lateral force occurs and the corresponding 

self-aligning torque at this slip angle as the pneumatic trail can then be found. This has been done by 

quadratic spline interpolation:  

 (  )  
(      ) (      )

(       ) (       )
    

(      ) (      )

(       ) (       )
    

(      ) (      )

(       ) (       )
     

(Equation 6.18) 

 

  ( )  
(    ) (    )

(     ) (     )
     

(    ) (    )

(     ) (     )
     

(    ) (    )

(     ) (     )
      

(Equation 6.19) 

The maximum lateral force at the outer front tire is 3878.9 N (395.4 kg). The values used are obtained 

from the curve corresponding to 350 kg as this is closest to the value of 395.4 kg. It is shown in 

appendix E and are presented in table 6.7. 

.  
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Table 6.7: Slip angle, lateral force and self-aligning torque values used in the  interpolation 

Slip angle [degrees]  Lateral force [N]  Self-aligning torque [Nm] 

α1 -3.0 FY1 3250.0 MZ1 -73.75 

α2 -4.0 FY2 3687.5 MZ2 -70 

α3 -5.0 FY3 4125.0 MZ3 -66.25 

 

The slip angle at lateral force 3878.9 N:  

 (        )                                  

The self-aligning torque at -4.8 degrees:  

  (            )                         

 

The pneumatic trail is then 

   
|  |

  
 

       

        
                   

 

The resultant lateral force will be acting 17.7 mm behind the center of the tire as seen in figure ABCD 

below.  

 

As the mechanical trail almost equals the pneumatic trail, the steering torque is dominated by both. 

This is desirable as a balance by both will give the driver a warning that the front wheels are nearing 

the limit. In a case with too little mechanical trail the pneumatic trail would dominate and reduce the 

self-centering steering torque. In an opposite case with too little pneumatic trail, the driver would not 

sense the input from the front steering wheels.   
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The offset arm (figure 6-9) is designed to point 39.3 degrees inwards. The inclined length is 110 mm 

where the distance to the center of the hole is 103.4 mm. The corresponding horizontal lengths are 

respectively 85.2 mm and 80 mm. With the hole in this position, the steering rack is placed 50 mm 

from the front frame to assure 90 degrees angle for the tie rod.  

For comparison considerations, horizontal lengths of 60 mm and 70 mm of the offset arm have been 

used when calculating the tie rod forces.  

 

Figure 5-9: Offset arm 

The force acting on the tie rod can be found by using force equilibrium as seen in figure XX:  

                   (Equation 6.20) 

where  

Fy: Lateral Force = 3878.9 N (from table 6.5) 

Fs: Force acting on tie rod  

a: Mechanical trail + pneumatic trail distance = 21.9 mm + 17.7 mm = 39.6 mm 

b: Horizontal distance on the offset arm from where the lower a-arms connects and to the tie rod. 

(60mm, 70mm, 80 mm) 

    
    

 
         (Equation 6.21) 

   
                

      
 

             

     
  

From equation 6.21 it can be seen that the force on the tie rod will decrease as b increases; hence the 

force will decrease as the rod end is connected further to the outmost end of the connection point.  

The steering rack was also placed as close as possible to the front frame to decrease the angle between 

the tie rod and the steering rack. As the angle decreases, the momentum that will build up will 

decrease. The best position for the steering rack will be where the angle of the tie rod is 90 degrees, 

relative to the horizontal axis (figure 6-10).  

Three distances from the front frame was analyzed to find the best placement.  
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Figure 5-10: Different positions for the steering rack 

Table 6.8: Tie rod forces at distance b from the wheel center, and distance c from front frame 

Steering rack at a distance 60 mm (C3) from the front frame 

 Fs [N] 

 

Distance 

b 

b1 [mm] 60 2561.55 

b2 [mm] 70 2194.35 

b3 [mm] 80 1921.30 

 

Steering rack at a distance 50 mm (C2) from the front frame 

 Fs [N] 

 

Distance 

b 

b1 [mm] 60 2565.98 

b2 [mm] 70 2195.69 

b3 [mm] 80 1920.06 

 

Steering rack at a distance 40 mm (C1) from the front frame 

 Fs [N] 

 

Distance 

b 

b1 [mm] 60 2573.38 

b2 [mm] 70 2199.71 

b3 [mm] 80 1921.30 

The tie rod will have the smallest force (1920.1 N) at a distance of 50 mm from the frame at an angle 

of 90 degrees.  

The rod end will connect at a distance of 80.0 mm (100 mm) on offset arm.  
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5.4.3 Bolt Calculation 

The bolt is affected by both shear forces and a momentum force. As the momentum will have the 

biggest impact on the bolt, the calculations have been done to see if the bolt can withstand the 

momentum force.  

A chin of 15 mm takes up the moment and the bolt area through the chin is unthreaded. The bolt 

diameter is 8 mm with 12-9 quality.  

 

Figure 5-11: Bolt M8, 12-9 quality 

NS-EN-1993-1-1:2005+NA:2008 fomulas: 

   

     
             (Equation 6.22) 

             
           

   
       (Equation 6.23) 

where fy = 1080 MPa,    = 1.05  

        
 

    
         (Equation 6.24) 

   
    

  
  

      

  
               

     
     

 
         

        
            

      
              

      
                 

 

   

    
              

For MED a security factor of 1.5 is used. The chin length is 15 mm: 

                                            

Checking due to equation 6.22:  

   

     
 

       

       
        

An M8 bolt will resist the momentum.  

With the same calculations for a M6 bolt of 12-9 quality the results shows that the bolt will not resist 

the momentum. An M8 bolt will therefore be used.  
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5.4.4 Rod End 

The rod end consists of a spherical bearing that will prevent a torque from occurring. As an M8 bolt 

had to be used to withstand the momentum when connecting the rod end to the offset arm (section 

6.4.3), a rod end of minimum 8 diameters has to be used. SKF offers different rod ends (Appendix H) 

which can withstand different static and dynamical load ratings.  

A M8 rod end was used resisting maximum load of 5850 N and maximum static load is 12 900 N. The 

force acting on the tie rod with a safety factor of 1.5 is Fs = 2880.2 N.  

This is a suitable rod end, and 4 rod ends will be used; 1 on each end of the tie rods.  

 

5.4.5 Tie rod 

The tie rod was designed to resist buckling and is made of 4130 steel. The steel was bought from 

Aerocom Metals, and a certificate, test result and products list are attached as appendices (appendix I). 

The dimensions are shown in figure 6-12 below:  

 

Figure 5-12: Dimensions of the tie rod 

NS-EN-1993-1-1:2005+NA:2008 fomulas: 

The criteria to resist buckling is 
   

     
             (Equation 6.25) 

NEd is 2880.2 N which is the force acting on the tie rod with a safety factor of 1.5.   

Radii of gyration:  

  √
 

 
          (Equation 6.26) 

Moment of Inertia:  

  
 

  
  (  )

  (  )
          (Equation 6.27) 

  
 

  
  (       )  (       )                 

Cross-section area: 

   
 

 
 (  )

   
 

 
 (  )

        (Equation 6.28) 

   
 

 
 (       )   

 

 
 (       )              
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From equation 6.26:  

Radii of gyration:  

   √
           

                     

Non-dimensional slenderness:  

  ̅   
   

 
 

 

      
         (Equation 6.29) 

  √
   

  
  

where Lcr = L = 350 mm (appendix J), fy =650 MPa 

  √
   

      
         

From equation 6.29: 

  ̅   
      

     
 

 

          
        

Hollow section, hot rolled, graph a) (see appendix J)  

             ( ̅      )    ̅      

         

               (         )                  

Reduction factor:  

   
 

   √    ̅ 
  

  
 

      √             
        

Buckling resistance:  

       
      

   
        (Equation 6.30) 

       
                     

 

   

    
            

Checking the criteria:  

   

     
 

        

        
        

The tie rod will resist buckling with the given dimensions.  
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5.4.6 Quick Release Fastening and Position 

A Sparco quick release/snap off is mounted through the dashboard and connected onto a hollow 

column acting as a bearing house which is welded to the frame. Two single row deep groove ball 

bearings (di=20 mm and do=42 mm), (appendix K) are placed inside the bearing house for stabilization 

to the quick release axle when turning the steering wheel.  

One rule stated by the SAE says that “In any angular position, the top of the steering wheel must be no 

higher than the top-most surface of the Front Hoop”. This rule gives restrictions to the height of the 

quick release and the steering wheel. The position should be as high as possible to give more space for 

the driver. Figure 6-13 shows the dashboard dimensions and the highest position possible for steering 

wheel that complies with the rules. The position has been obtained by making an assembly of the 

steering wheel mode, dashboard model and the frame model.   

 

Figure 5-13: The position of the steering wheel on the dashboard 

 

 

 

 

5.4.7 The Design’s Influence On The Car 
It is of interest to see how the design affect the car’s handling and performance.  

With the body and wing added to the car, a bigger amount of space is required in a turn (figure 6-14). 

In the skid-pad event the circles has a radius of 7625 mm and the distance between the cones is 3 

meters. The required space needed for the car can be expressed by ΔR by equation 

                     (Equation 6.31) 
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Figure 5-14: Space required in a turn 

Rmin represents the distance from the turn center to the inner rear wheel and is expressed by  

        
 

 
         (Equation 6.32) 

R1 was calculated to 7582.9 mm (section 6.4.1) and hence 

               
       

 
            

Rmax represents the distance from the turn center to the outer point of the front wing/body and is the 

biggest running radius required. With the outer point at a distance g from the front axle, it can be 

expressed by  

     √(      )  (   )       (Equation 6.33) 

     √(                 )  (               )             

The required space in the turn is 
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6 ANALYSIS AND SIMULATIONS 
The design has been simulated and analyzed in MSC ADAMS, a multi-body simulation program, to 

compare the theoretical values with the values from the multi-body simulation. It also shows how the 

steering system acts during operation of the car.  

ADAMS (Automated Dynamic Analysis of Mechanical Systems) is a multi-body dynamics software 

used to study and simulate the dynamics of moving parts. By offering different packages for different 

areas of simulation, better simulations and more accurate results are obtained.  

The 2013 formula student team is sponsored with an ADAMS/car package to be used in the two 

Master Thesis. The program has been learned simultaneously with the process of building the car, as 

the University of Stavanger offers no education in the program.  

For the study of the formula 2013 car, ADAMS/Car package is used to study the car’s behavior in 

handling, steering and during braking.   

 

6.1 Multi-body simulation model 

A multi-body simulation model is an assembly of different subsystems converted from templates. A 

template defines how the parts fit together (the topology) and how the information is transmitted 

between them in the model. The template has a defined major role (suspension, steering etc.).  

The template is converted to a subsystem which is a mechanical model that supplies parameters to the 

template. Front- and rear suspension and steering subsystems are some examples. To be able to use the 

same template for different subsystems, the minor role of the subsystem is defined as front, rear, trailer 

or any when it is created.  

Assemblies are used to connect different subsystems together with a test rig. The test rig is important 

as it imposes motion to the subsystem to be able to do simulations and analysis.  

MSC Adams is offering a special FSAE database compatible with Adams/car. The database contains 

templates and subsystems of a formula student car which can be modified by the formula student 

teams to represent their own car and used for analyses of each individual car.  

To represent the 2013 formula student car and analyze the steering system, the fsae_2012 front 

suspension template has been modified. The modification has been done by changing parameters of 

radius, material etc. and by changing the coordinates of the hardpoints. The coordinates have been 

obtained by using information from another master thesis on the same formula student 2013 racing 

car, as this thesis are dealing with the design of the suspension system. To be able to modify the 

template, the .acar.cfg-file has been changed from standard user mode to expert user mode.  

The hardpoints are given to the program as coordinates and gives the program information about the 

location. However, as they are only points they have no orientation. Link or arm geometry is added 

from one hardpoint to another to obtain the preferred geometry in the multi-body model. Only the left 

hardpoints were modified as seen in table 7.1, as they were defined symmetrically which automatically 

updates the right hardpoints relative to the x,y,z axis.  
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Table 7.1: Left side hardpoints for the multi-body model  

Type Hardpoint name Coordinates 

 

Lover control arms/A-arms 

From:  L_arm_outer (-512.0, 571.7, 27.4) 

To 1:  L_arm_front (-630.3, 229.0, 22.4) 

To 2:  L_arm_rear (-393.7, 229.0, 22.4) 

 

Upper control arms/A-arms 

From:  U_arm_outer (-492.8, 710.9, 247.4) 

To 1:  U_arm_front (-630.3, 279.0, 183.4) 

To 2:  U_arm_rear (-355.3, 279.0, 183.4) 

Tierod From:  tierod_outer (-572.8, 510.9, 47.4) 

To:  tierod_inner (-572.8, 350.0, 47.4) 

Pushrod From:  prod_outboard (-512.0, 571.8, 27.4) 

To  prod_inboard (-512.0, 309.2, 482.1) 

 

Rocker/Damper 

From:  BC_center (-512.0, 213.9, 427.1) 

To:  damper_outboard (-512.0, 240.0, 550.0) 

To:  damper_inboard (-131.0, 90.0, 600.0) 

 

6.1.1 Upper control arms 

The upper control arms are made by link geometry, from U_arm_outer to U_arm_front, and from 

U_arm_outer to U_arm_rear. As the diameter is 15.875 mm, the radius is set to 7.9375 mm. The 

material type is set to steel.  

 

6.1.2 Lower control arms 

The lower control arms are also made by link geometry, starting at L_arm_outer to L_arm_front, and 

from L_arm_outer to L_arm_rear. The diameter is 22.225 mm, the radius is set to 11.1125 mm. The 

material type is set to steel.  

 

6.1.3 Tie rod 

A link connection from tierod_outer to tierod_inner with a radius of 7.15 mm is defining the tierod. 

The tierod is connected from the steering rack to the upright on the wheel and are moving when the 

steering wheel is turning and this turns the wheel.  

 

6.1.4 Pushrod 

The pushrod is made by a link connection from prod_outboard to prod_inboard with a radius of 9.525 

mm. The pushrod is connected to the L_arm_outer, the outer point of the lower a-arms. As the wheel 

travel upwards the pushrod are pushing on the rocker which compresses the damper.  

 

6.1.5 Rocker/Damper 

The rocker is defined as an arm geometry and is fixed to the frame at hardpoint BC_center. It rotates 

relative to this hardpoint as the pushrod pushes it.  
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6.1.6 Communicators 

Communicators enable the exchange of information between templates, subsystems and the test rig in 

the assembly. Input and output communicators are requesting and providing information from other 

subsystems.  

A mount communicator in the steering template outputs the name of the rack so the tierod on the 

suspension template can attach to it. In the steering template, a mount communicator inputs a part 

name as the template uses this name to determine the attachment of the steering column.  

 

6.1.7 Actuators 

To let an element apply motion to components in the model, actuators are defined. An actuator is used 

for the pushrod and the rocker, and the rocker and the damper to let them exert motion on each other. 

This is also the case between the tierod and steering link.  

The motion actuator is called a joint.  

 

The template is saved and converted to a subsystem (appendix L, figure L.1). The minor role for the 

new subsystem is set to “front” as it is designed as a front suspension system. It is also important to 

choose “front” as this tells ADAMS to connect it to the fsae_2012 steering subsystem later. 
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6.2 Driving/Steering simulation 

An assembly (appendix L, figure L.2) was created including the front suspension subsystem (section 

7.1) and fsae_2012 steering subsystem. A standard test-rig was used.  

As the steering subsystem was made for a standard Formula Student car, the position of the steering 

rack would be off to the position of the tie rods. When visualizing the assembly it would look wrong 

as the steering rack would be placed far behind the tie rods. However, as mount communicators are 

used they would still connect to each other and work correctly.  

For visualization purposes, the hardpoints on the steering subsystem was moved to positioning it 

correctly to the tie rods.  

 

6.2.1 Steering angles and forces  

A analyze was made of the steering system where the steering rack moved 10 mm towards the right. 

The car was at rest only turning the wheels. From the reversed Ackermann theory, a right turn should 

lead to the outer wheel turning at a bigger angle compared to the angle of the inner wheel. This is 

confirmed by the analysis (appendix M, figure M.1). The left and right wheels got an angle of 

respectively 10.53 degrees and 8.46 degrees.  

The force on the steering rack increases from 0 N to 156.91 N as the wheels are moving to the right 

(appendix M, figure M.2).  

By shortening the offset arm, the steering angles and forces are changing. In section 6.4.2 the equation 

    
    

 
  

were used to calculate the force exerted on the tie rod and the steering rack where “b” were expressing 

the horizontal distance on the offset arm from where the lower a-arms connects and to the tie rod. By 

shortening the offset arm “b” the force needed to turn the wheels should increase. The steering angle is 

also increasing as the tie rod is connected closer to the center of the wheel. The results can be seen in 

appendix M, figure M.3, M.4 and M.5.  

 

6.3 Sensitivity Analysis 

 

6.3.1 Cornering 

A cornering maneuver was simulated and analyzed. The cornering forces were calculated in section 

6.3.3 and it was applied 3878.9 N to the left wheel and 1500.5 N to the right wheel. As the steering 

rack was moving 20 mm to the right, a force of 1390.94 N was exerted on the tie rods (appendix M, 

figure M.6). This is well below the design force of 2880.2 N which were used for the design.  

 

6.3.2 Braking 

For the braking simulation, a value of 3895.5 N from section 6.3.4 was used on the front wheels. As 

the steering rack was moving 20 mm to the right, a force of 3638.07 N was exerted on the tie rods 
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(appendix M, figure M.7). This is higher than the design force and a new buckling analysis was done. 

By checking for the buckling criteria;  

   

     
 

        

        
       

The tie rod fulfills the criteria and will resist buckling.  

 

6.4 Failure Mode and Effect Analysis (FMEA) 

The designation “steering system” refers to the steering system as a whole. The system can be divided 

into sub-systems where each sub-system has its own role. As an example, the offset arms are a sub-

system in which their role is to connect the tie rods to the upright on the wheel. Bolts and nuts are 

another sub-system with the function of holding parts in a specific position.  

Each component in the sub-system is subjected to wearing and tearing as the system is operating. The 

operational environment and conditions affects the amount and type of the wearing.  

In the process of determining the risk of a failure and the cause, a Failure Mode and Effect Analysis 

(FMEA) is used. The analysis is a systematic and proactive way to identify the failure modes, the 

effect and how it can be prevented.  

Each sub-system is analyzed and evaluated to find the effect a failure would have on the rest of the 

system. The likelihood of occurrence is scaled from 1 – 10 (10: very likely to occur), the likelihood of 

detection is scaled from 1 – 10 (10: very unlikely to detect) and the severity is scaled from 1 – 10 (10: 

most severe effect). Each failure mode is given a Risk Priority Number (likelihood of occurrence x 

likelihood of detection x severity) where a high number has a big effect on the process and should 

have a high priority when it comes to control. A low RP-number indicates a low effect on the process 

and has lower priority.  

The steering system was analyzed part-by-part to find causes of failures and effects. The analysis can 

be seen in Appendix FMEA.  

The offset arms are not stated in the analysis as they were considered to be in the safe area of 

operation. They were designed to withstand a bigger amount of load than will occur during the race.  

The analysis gives a total RPN of 344 points. The movement of the quick release axle consists of 

almost ¼ of the total RPN with the highest score of 81 points. The disconnection of the steering wheel 

has a score of 60 points and the failure of the rack and pinion gear has 50 points. These are the three 

most important areas to control to assure a safe and reliable steering system and should be given high 

priority.  

 

6.5 Cost and Weight Analysis 

One of the main goals for the team is to decrease the weight wherever possible and hence decrease the 

total weight which will provide a lighter, faster and more maneuverable car for the competition. This 

is obtained by considering the materials available and the manufacturing process used. The area in 

which the material is connected is also of importance, as aluminium cannot be welded directly to the 

steel frame.  
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The budget for the steering system was set to 5500 NOK and shown in appendix O. It was considered 

to use the same quick release mechanism as last year’s team but it was later decided to be impossible 

to do this. A new mechanism was ordered which made it one of the biggest expenses.  

It was also considered to order a light-weight steering rack in carbon fiber (figure 7-1) from Formula 

Seven, a Formula Student team manufacturing and selling light-weight products. The specifications 

are shown in table 7.2 below.  

 

Figure 6-1: Carbon fiber steering rack from Formula Seven 

Table 7.2.: Steering racks specifications 

Overview of the compared steering racks 

Manufacturer Material Weight Price 

 

Formula Seven 

Carbon Fiber / 

Aluminium 

 

950 grams 

800 EUR = 5984 NOK 

(1 EUR = 7.48 NOK 

(23.02.2013)) 

IC-Kart Aluminium 1180 grams 1500 NOK 

 

Due to restrictions in the budget, a steering rack from IC-Kart was ordered (figure 7.2).  
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Figure 6-2: Aluminium steering rack from IC-Kart 

For welding purposes, thin steel plates were used when fastening the steering rack as it was welded to 

a steel frame. This was also the case when fastening the quick release mechanism. Steel was also used 

for the tie rods. The offset arms were manufactured in aluminium at the school’s workshop location 

and were designed for minimum weight.  

The total cost of the steering system was 6228 NOK, 728 NOK more than the budget (appendix O). 

The order of a new quick release mechanism made a huge influence of the budget making it 

impossible to stay on the budget. The same steering wheel and shifter pads were used to save money.   

 

6.6 Testing methods for the steering system 

Understeer and oversteer are defined by a understeer gradient K and can be tested on a testing track. 

How the steering needed for a steady turn changes is measured by a gradient K as a function of lateral 

acceleration. If K is positive the vehicle shows understeer, if it is negative the vehicle shows oversteer. 

Constant radius tests at different speeds, constant speeds at different steer angles or constant steer at 

different speeds can be done.  

A Bundorf analysis can also be carried out to describe the characteristics of a vehicle and its 

understeer balance. The car is analysed and a summation of aligning torque, roll camber, roll steer and 

lateral force in deg/g at front and rear axle is done. If the sum is negative the vehicle will tend to 

oversteer.  
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7 CONCLUSIONS AND RECOMMENDATIONS 
 

7.1 Conclusions 

The Formula Student project has been challenging and time consuming as the car is manufactured and 

build at the same time the Master Thesis is written. It has also been giving valuable practice in team 

work and project design.  

The car has not been tested as major issues with the clutch system appeared before shipping it to the 

Silverstone circuit. The steering system will therefore be tested at the circuit.  

 

7.2 Recommendations 

Better tire test-results should be available to gain better estimates for the racing car. The 2014 team 

should pay to get access to the tire consortium. This will also give a better feedback if we are using the 

correct tires or should change to another type.  

It should also be budgeted for a set of new 10 inch wheels as this would lower the weight of the car. It 

is also preferable to buy a lighter steering rack. If the team is bigger next year, a light-weight steering 

rack could also be made.  

Students should learn a multi-body dynamics software before writing thesis for the Formula Student 

competition. This will make it easier to make good decisions and lock the design in an early phase, so 

the car can be finished earlier.   
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Project description of Master thesis  
Christoffer L. Andersen 

1. Title of Thesis: 

Modeling, analysis and testing of The Steering system in a Formula 

Student car FS_UiS2013 

2. Background for the task: 

The task is based on the Formula Student (FS) project at UiS that started 2 years ago 

and I am member of this year’s team. 

3. Goal of the task: 

The goal of the thesis work, as part of the FS project, is to contribute in an effective steering and 

focuses on design, analysis and simulation of the system.  

4. Scope (description of content, theoretical backgrounds, literature, etc..): 

Being part of the overall construction of the race car, the tasks of this master thesis project work 
involve, among others 

1. Studying the important components and design parameters of the race car steering system 
with particular focus on how to achieve safe and reliable steering system. 

2. Developing a multi-body simulation (MBS) model for virtual simulation of the steering 
system. This involves learning a MBS tool such as MSC ADAMS and using it to simulate 
steering linkage. 

3. Devising a simulation scheme that closely simulates the real driving/steering situation and 
identifying the key performance parameters for this purpose. 

4. Making a sensitivity analysis of the designed steering system with respect to how the 
steering mechanism responds to the actions of the driver, for instance, in cases of 
accelerating, braking, cornering, etc.  

5. Studying the test setup for testing of over/under steering of the car. The test setup must be 
done in a way to be able to verify some of the simulation results.  

6. Studying the relevant competition rules concerning the steering system and preparing the 
necessary documentations that are part of the requirements for the completion. Such 
documentations must be included in the thesis report as appendices. 

7. Studying the principle of FMEA (Failure Mode and Effect Analysis) and working out the form 
for the steering system. The FMEA form must be included in the thesis report as an appendix. 
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Appendix B  

Pre-study Report 
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Pre-project for the master thesis «Modeling, analysis and 

testing of the steering system in a formula student car FS_UiS  

2013» 

The Master Thesis will take part in spring 2013 and focus on the steering system on a formula 

student racing car. It will be as much practical as theoretical as the steering system has to be 

installed in the car, and other aspects as suspension, uprights and wheels have to be 

considered as well.  

The planning face started in October with meetings, design brainstorming and sponsors 

inquiries. The project needed funds to be able to build the desired racing car. This has been 

the focus since October.  

The project is divided into different groups, each with its own area of focus. The project has 

been assigned its own room where the groups are sitting to give better teamwork and 

communication. An own electrical engineering-group has been assigned and they are sitting 

on another building. Therefore, all the groups are meeting every Tuesday from 12:15 – 13:00 

to discuss and inform about their progress.  

For the Master Thesis, the following problem formulations were given:  

1. Studying the important components and design parameters of the race car steering 

system with particular focus on how to achieve safe and reliable steering system 

2. Developing a multi-body simulation (MBS) model for virtual simulation of the 

steering system. This involves learning a MBS tool such as MSC ADAMS and using 

it to simulate steering linkage.  

3. Devising a simulation scheme that closely simulates the real driving/steering situation 

and identify the key performance parameters for this purpose.  

4. Making a sensitivity analysis of the designed steering system with respect to how the 

steering mechanism respond to the actions of the driver for instance in cases of 

accelerating, braking, cornering, etc 

5. Devising a test setup for testing of over/under steering of the car. The test setup must 

be done in a way to be able to verify some of the simulation results.  

6. Studying the relevant competition rules concerning the steering system and preparing 

the necessary documentations that are part of the requirements for the completion. 

Such documentations must be included in the thesis report as appendices.  

7. Studying the principal of FMEA (Failure Mode and Effect Analysis) and working out 

the form for the steering system. The FMEA form must be included in the thesis 

repost as an appendix.  

The Gantt chart illustrates the time schedule for the Master Thesis progress. A literature 

search has been done and the focus is on different concepts and calculations to find the best 

solution.  
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In March, MSC ADAMS will be used to do analysis and simulations of the steering linkage, 

driving/steering and sensitivity. The report will be made simultaneously. The frame is welded 

in January/February and the body will be made in March. Therefore, I assume that the 

installation process of the steering system will take place in April. Changes on time schedule 

may occur.  

The resources used are literature explaining the concept of steering systems and suspension. I 

will also study tire behavior.  

Some parts of the steering system may be manufactured. This can be done at the University, 

or we may contact a sponsor who has accepted to help with manufacturing, to do the most 

advanced parts.  

 

 

31.01-2013, Stavanger 

 

 

Christoffer L. Andersen 
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Appendix C  

Formula Student SAE Rules 
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Appendix D 

Friction coefficient for dry and wet road  
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Figure D.1: dry road 

 

Figure D.2: wet road 
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Appendix E 

Offset arm drawing 
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Figure E.1: Right offset arm
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Figure E.2: Left offset arm 
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Appendix F 

Slip angles VS cornering force and slip angle VS self-aligning torque   
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Figure F.1: Cornering stiffness Cα at a normal force of 1500 N 

 

 

Figure F.2: Self aligning torque VS slip angle
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Appendix G 

Position of the steering rack  
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Figure G.1: The area of the frame where the steering rack may be placed  
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Appendix H 

SKF Rod ends  
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Figure H.1: Different rod ends dimensions from SKF 

 

 

Figure H.2: 8 mm Rod end used in the steering system 
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Appendix I 

Steel products from Aerocom with test report  
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Figure  I.1: Inspection certificate  
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Figure I.2: Test report  
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Figure I.3: List of products from Aerocom, and chosen dimensions of steel  
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Appendix J 

Buckling tables  
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Figure J.1: Buckling class of cross sections  
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Figure J.2: Effective length of prismatic compression members  
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Appendix K 

SKF Ball bearing specification   
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Figure K.1: Quick release axle ball bearing specifications 
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Appendix L 

MSC Adams steering subsystem  and assembly model  
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Figure L.1: Front suspension subsystem model 

 

 

Figure L.2: Assembly with front suspension subsystem, fsae_2012 steering subsystem and test rig  
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Appendix M 

MSC Adams analysis  
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Figure M.1:  Steer angles when steering rack moving 10 mm to the right  

 

 

Figure M.2:  Steering rack movement VS input force   
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Figure M.3: Left steer angle with changing offset arm length 

 

 

Figure M.4: Right steer angle with changing offset arm length 

 

Figure M.5: Steering rack input force 
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Figure M.6: Steer angles VS steering rack input force 
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Figure M.7: Braking simulation  

  



107 
  

 

 

 

 

Appendix N 

Failure Mode and Effect Analysis (FMEA)  



108 
  

 

       1/3 

  
Failure Mode 

 
Failure Causes 

 
Failure Effects 

Likelihood 
of 

Occurence 
(1-10) 

Likelihood 
of 

Detection 
(1-10) 

 
Severity 

(1-10) 

Risk 
Priority 
Number 

(RPN) 

 
Actions to Reduce Occurrence of 

Failure 

 
 

Loose nut on bolt 

Nut is not 
tightened 

securely and 
vibrates out of 

position 

 
The system may respond slower 
when turning the steering wheel 

 
 

4 

 
 

1 

 
 

8 

 
 

32 

 
Inspect and tighten the nuts after each 
event/test-drive 
 

 
 
 
 
 
 
 

Nut fall off from 
bolt 

 
 
 
 
 
 
 

Vibration when 
system in 
operation 

Rod ends can disconnect from 
offset arm, disconnecting the 

wheel(s) from the system 
 

The tie rod(s) can disconnect from 
the system 

 
The steering wheel column can 

disconnect from the system 
 

Loss of control of the car 
 

Can cause serious damage and 
injuries if happening at high speeds 
and in close proximity to spectators 

and other drivers  

 
 
 
 
 
 
 
 

1 
 

 
 
 
 
 
 
 
 

1 

 
 
 
 
 
 
 
 

10 

 
 
 
 
 
 
 
 

10 

 
 
 
 
 
 
Inspect and tighten the nuts after each 
event/test-drive 
 
Use bolts with increase length to raise 
the distance the nut has to travel 
before falling off 
 

 
Failure of rod end 

 
Failure due to 

wear 

 
Increasing resistance when moving 

the tie rods 

 
2 

 
3 

 
4 

 
24 

 
Inspect and clean rod ends after each 
event/test-drive 
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       2/3 

 
Loose tie rods 

Rod ends not 
connected 

properly to tie 
rods 

 
Increases the amount of play on 

steering wheel when turning 

 
 

3 

 
 

1 

 
 

5 

 
 

15 

 
Use lock screw to secure the right 
position for the rod ends 
 
 

 
 

Bearing failure 

 
 

Failure due to 
contamination 

 
 

Vibrational feeling when turning 
the steering wheel 

 
 
 

2 

 
 
 

3 

 
 
 

4 

 
 
 

24 

Keep the bearings in a protected 
environment 
 
If contaminated, clean the bearings 
 
Replace bearings if seal is broken 

 
Bearing failure 

Failure due to 
fatigue 

A marked increase in vibration 
indicates a fatigue problem 

 
2 

 
3 

 
4 

 
24 

Change the bearings after the Formula 
Student Season 

 
Bearing failure 

 
Failure due to 

corrosion 

 
Failure of the bearing, increasing 
the resistance when turning the 

steering wheel 

 
 

2 
 

 
 

3 
 

 
 

4 

 
 

24 
 

Keep the bearings in a protected 
environment, diverting corrosive fluids 
and corrosive atmosphere 
 
Inspect the seals of the bearings 

 
Ragged motion or 

total failure of 
motion of the 

rack and pinion 
gear in steering 

rack 

 
Wear on gear 
due to contact 

with 
contaminants or 

absence of 
lubrication 

The steering rack may enter a 
locked position and/or not turn at 

all due to missing teeth on the 
gear, causing no turn at all.  

 
Can cause serious damage and 

injuries if happening at high speeds 
and in close proximity to spectators 

and other drivers 

 
 
 
 

1 

 
 
 
 

5 

 
 
 
 

10 

 
 
 
 

50 

Inspect the gear after each event/test-
drive 
 
Clean the gear and seal it to avoid 
contact with contaminations  
 
Use lubricant on the rack and pinion 
gear 
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       3/3 

 
 
 

Quick release 
axle moves 
forward or 

backwards of 
mounted position 

 
 

Set screws 
holding quick 

release 
mechanism in 

the correct 
position are too 

loose 

 
Unable to turn the wheels as the 
double cross link steering wheel 

column will lock into position due 
to inadequate angles of the links  

 
Can cause serious damage and 

injuries if happening at high speeds 
and in close proximity to spectators 

and other drivers 

 
 
 
 

3 

 
 
 
 

3 

 
 
 
 

9 

 
 
 
 

81 

 
Manually checking the set screws after 
each event/test-drive 
 
Tightening of the set screws holding 
the  quick-release mechanism in 
position 

 
 

Steering wheel 
disconnects from 

quick release 
mechanism 

 
Steering wheel 

is not 
connected 
properly to 

quick release 
mechanism 

 
Unable to turn the wheels as the 
steering wheel is disconnected 

from the system 
 

Can cause serious damage and 
injuries if happening at high speeds 
and in close proximity to spectators 

and other drivers 

 
 

 
 

3 

 
 

 
 

2 

 
 

 
 

10 

 
 
 
 

60 
 

Rotate the steering wheel into locked 
position in quick release mechanism 
when connecting to the system 
 
Manually double check that the right 
position is maintained  
 
Use sticker to highlight the correct 
position when connecting  

      Total RPN:  
344 

 

 

Figure N.1: Failure mode and effect analysis 
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Appendix O 

Cost and Weight analysis  
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Figure O.1: Cost and weight analysis

Piece Amount

Price/piece 

[NOK]

For the pieces 

[NOK]

Weight/piece 

[grams]

Weight 

[grams]

Steering wheel 1 0 0 401 401

Steering rack R4 1 1500 1500 1180 1180

4130 Steel Hollow profile for fastening 1 0 0 76 76

4130 Steel plate 3mm 1 0 0 197,2 197,2

12.9 Bolts M6x70 4 9 36 16,5 66

Nuts M6 4 1 4 2,1 8,4

Skiver M6 4 1 4 1,1 4,4

Steering wheel column double cross link 1 600 600 662 662

S235 Hollow column Do=48mm, Di=42mm for quick release 1 0 0 91 91

S235 hollow column Do=17mm, Di=13mm for quick release 1 0 0 98,4 98,4

Quick Release 1 2211 2211 118,4 118,4

SKF Bearing 2 106 212 67,6 135,2

Rubber for steering rack 2 125 250 54,8 109,6

4130 Steel for tie rods 1 263,56 263,56 117,8 235,6

Rod end 4 217 868 30,8 123,2

12.9 Bolts M8 4 11 44 18 72

Nuts M8 4 1,5 6 2,2 8,8

Skiver M8 4 1 4 1,1 4,4

Offset Arms Aluminium 2 113 226 183,1 366,2

Total 6228,56 NOK 3957,8 grams

Budget 5500 NOK

Aberration -728,56 NOK
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