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Abstract 
This thesis describes the mechanical design of a prototype vehicle developed for a company 
located in California. The project was based on an earlier vehicle located at KTH, Transport Labs, 
and investigated if the existing concept for the vehicle would work as a concept for an autonomous 
prototype, with focus on component layout and increased forces. The design of the vehicle is based 
on a concept with a carbon fiber bottom plate, two separate suspension modules with electric hub 
motors and steer by wire. In addition a steering interface, seats and a roll cage is added to the base. 
Quadrant symmetric design and four wheel steering/drive makes the vehicle move equally good 
forward and reverse.  
The steering is controlled by individual rotating actuators mounted at each wheel, meaning that 
the vehicle, apart from acquiring a low turning radius also can angle the wheel in the same direction 
and drive with so called crab steer where the car is moving sideways without rotating itself. The 
brake system contains a regular manual hydraulic brake system in parallel with an autonomous 
brake system.  

The project was started by generating a list of requirements. This was then considered when doing 
the design in CAD (Solid Edge). The design was validated with ADAMS (MBS) and ANSYS 
Workbench (FEA). The majority of the project was carried out in Sweden at KTH where the 
driveline of the vehicle was designed and assembled. The driveline was then transported to 
California where the vehicle was finalized and tested.  

The test carried out indicated that the concept was working as a prototype but that some of the 
components needed to be upgraded. All tests needed was not carried out which led to that the 
maximum speed of the vehicle was limited to 40 km/h Further durability-, and high load tests will 
be carried out in order to, with suitable safety, raise the maximum speed. The maximum steering 
angle of each wheel acquired was 23 degrees that, with four wheel steering, means an effective 
steering angle of 46 degrees. The cars minimum turning radius was around 5 meters. 
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Sammanfattning 
Detta examensarbete beskriver den mekaniska konstruktionen av ett prototypfordon för ett företag 
beläget i Kalifornien. Projektet utgick från ett befintligt fordon på KTH, Transport Labs och 
undersökte hur vida det befintliga konceptet för det fordonet fungerade för en autonom prototyp, 
med särskilt hänseende till komponentplacering och ökade krafter. Fordonet är konstruerad runt 
en bottenplatta av kolfiber, två separata hjulupphängningar med elektriska navmotorer och så 
kallad ”steer by wire” samt kompletteras med ett förargränssnitt, säten och rullbur. Kvadrant 
symmetriska design och fyrhjuls styrning/drivning gör att fordonet för sig lika bra framåt som 
bakåt.  

Styrningen sköts av en individuell roterande motor fäst vid varje hjul vilket innebär att fordonet, 
utöver att få en låg svängradie, även kan vinkla alla hjul åt samma håll och uppnå så kallad 
krabbstyrning där bilen rör sig i sidled utan att själv rotera. Bromssystemet består av ett vanligt 
manuellt hydrauliskt bromssystem parallell kopplat med ett autonomt aktiverat bromssystem. 

Projektet inleddes med generering av en kravspecifikation. Denna låg sedan som grund för 
konstruktionen som genomfördes i Solid Edge (CAD). Konstruktionen validerades med hjälp av 
ADAMS (MBS) och ANSYS Workbench (FEM). Största delen av projektet genomfördes i Sverige 
på KTH där drivlinan av fordonets konstruerades och monterads. Denna flögs sedan till 
Kalifornien där fordonet färdigställdes och testades på plats.  

De genomförda testerna tydde på att konceptet fungerade bra som prototyp men att vissa 
komponenter behövde uppgraderas. Full testning han inte genomföras vilket ledde till att den 
maximala hastigheten begränsades till 40 km/h. Vidare uthållighets- och höglasttester kommer 
genomföras för att, på ett säkert sätt, kunna öka den maximala tillåtna hastigheten. Den maximala 
styrvinkeln för varje hjul uppgick till 23 grader vilket, med fyrhjulningsstyrning, innebär en 
effektiv styrvinkel på 46 grader. Bilens minimi svängradie uppgick till cirka 5 meter. 

Nyckelord: Prototypfordon, autonomt fordon, steer by wire, självkörade bil  
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Abbreviations 

CAD Computer Aided Design 

CAE Computer Aided Engineering 

PLM Product Lifecycle Management 

FEA Finite element analysis 

KTH Royal Institute of Technology 

UCA Upper Control Arm 

LCA Lower Control Arm 

RCV  Research Concept Vehicle, referring to an existing prototype vehicle at 
Transport Labs, KTH 

MBD Multibody Dynamics 

RCV-M Research Concept Vehicle–Mule, referring to the new prototype built during 
this project 
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1 INTRODUCTION 
In this chapter the background for the project is described together with a description of the 
planning and methods used during the project. 
 

 Background 
During 2013 a prototype research vehicle named RCV was designed and manufactured at 
Transport Labs, KTH. The main purpose for this vehicle was to act as a research platform in several 
different fields of science, mainly in vehicle dynamics, lightweight structures and automatization. 
It was built of a carbon fiber based bottom plate with a driver interface complemented with seats 
and a roll cage. Two identical separated modules was mounted in the front and rear of the vehicle 
as suspension for the wheels and could easily be replaced if desired.  

The vehicle also featured steer by wire integrated in the wheels as well as individually controlled 
active camber and hub motors on each wheel. This, four wheel drive and four wheel steer-concept, 
enabled both the steering and camber angle of the vehicle to be controlled independent of the angle 
on the other wheels.  

By May 2014 a company in California showed interest in building a similar vehicle for research 
concerning fully autonomous cars which resulted in this thesis. The program and software required 
for autonomous drive was partially already developed by the company, but in order to tune the 
software for everyday use on public streets, a prototype was needed. The company also wished to 
use the prototype for demonstration in order to create an interest for potential investors and to act 
as a startup model for a small production series. 

 
 Purpose 

The purpose of the project was to design, manufacture and assemble a fully functional prototype, 
similar to the RCV but adapted to suit the company’s needs, to be used in research and testing 
regarding steering systems for autonomous vehicles. This report strives to answer the three 
questions: 
 
 “Is the RCV concept suitable when designing an autonomous passenger vehicle regarding higher 
loads?” 
“Is the RCV concept suitable when designing an autonomous passenger vehicle regarding packing 
of required components?” 
“What needs to be changed on the RCV system in order to realize an autonomous passenger vehicle 
and how should these changes be implemented?” 
 

 Delimitations 
In order to deliver the prototype in time, the project had to be limited in several areas. First and 
foremost only the design of mechanical systems will be considered in this report. Control system 
interfering with mechanical system will be discussed but not further analyzed. In addition to the 
work described in this report, several people were responsible for different areas of the prototype 
development. These are listed, in alphabetical order, below: 
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 Georén, Peter, director of Transport Labs- acted as project leader and was responsible 
for all financial-, and administrative decisions as well as the preliminary contact 
between Transport Labs and the company. 

 Moreshwar Behere, Sagar, PhD- responsible for control system architecture as well as 
safety and testing.  

 Nybacka, Mikael, assistant professor in vehicle dynamics- acted as consultant in all 
questions regarding the dynamic behavior of the vehicle. Mikael Nybacka was also 
responsible for the MBS analysis of reaction forces in the wheel suspension.  

 Tomner, Petter, MSC in vehicle dynamics- responsible for the development of the 
control systems of the prototype. 

 
Time was the preliminary limiting factor. In some cases an expensive or less efficient solution had 
to be chosen before a cheaper or more efficient one in order to shorten the production time.  In 
general cost for manufacturing was considered, but not prioritized since only one example of the 
prototype was to be manufactured. 

A budget for the new vehicle was estimated based on the costs of the RCV and approved by the 
company. The simplifications of the new design were also estimated in the new budget, resulting 
in a lower estimated overall cost for the design. Note that the budget included material, 
manufacturing, software and hardware, for the driveline manufactured in Sweden. Additional 
components manufactured at the company were not included in the budget since these could be 
manufactured when in direct contact with the company. The final budget for the RCV-M was 
estimated to around 1 million SEK. More detailed information concerning the budget estimation 
and overall cost for the vehicle can be found in Appendix 1. 

 
 Method 

The system was designed in an iterative process much like, but not entirely similar to the V-model, 
which often is used during product development (Intland Software, 2015). This method proved 
proves suitable for the project as the design of different systems often interacted which each other 
and had to be remade in an iterative process. A flow chart showing a simplification of the method 
used in the design process is shown in Figure 1. 
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Figure 1. Flow chart of development process 

Firstly the overall concept was generated and evaluated several times. When finished, concepts for 
each subsystem were generated in a similar way. In some cases the requirements on the sub 
systems could not be fulfilled due to a flaw in the overall concept or because of interactions with 
other subsystems. The overall system concept or interacting sub system then had to be re-designed 
in order to enable all subsystems to be designed in a feasible way. The subsystems where later 
broken down into individual components and the process was redone for each detail. 
 
1.4.1 Project management 
Regular meetings twice a week were set up to manage the project, where the action points were 
followed through. This ensured project control, including minimizing of project risks and 
improvement of the communication between all parts. These meetings were also when the 
interferences between the different areas of work, such as the connections between mechanical and 
control systems was discussed.  To manage the project a detailed time schedule created in Gantt 
program were created, including all activities and milestones, and continuously followed up 
throughout the project. The project were mainly managed by (Georén, 2014) after the requirement 
specifications were defined and systems where developed without any major input form the 
company. However the visual aspect of systems located in view of the cabin area was developed 
in close contact with the company. Examples of these systems are the driver interface, roll cage 
and seats. A simplified GANNT diagram is shown in appendix 2. 
 
1.4.2 Risk analysis 
Project risk analysis and management were included in the project as part of the feasibility study. 
A risk analysis of the project was performed by a brainstorming session where all the major risk 
sources were identified. In the risk analysis, shown in  
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Table 1 below each risk is weighted with a probability and a consequence factor where a high 
number indicates higher probability/more severe consequence. Each risk is also presented with 
an action plan to follow in case it happens.  

 

Table 1. Risk analysis with weighted probability and severity as well as preventive actions 

Event Probability 
(1- 5) 

Consequence  
(1- 5) 

Score 
(1-25) 

Action plan 

Redesign is more time 
consuming than expected 

2 3 6 1) Go for a simpler design. 
2) Modify time plan. 

Off the shelf components are 
more expensive than 
expected 

2 2 4 1) Look for cheaper suppliers.  
2) Modify budget. 

Off the shelf components 
cannot be delivered on time 

4 5 20 1) If possible use parts from existing 
RCV.  
2) Modify time plan. 

Parts arrive poorly 
manufactured 

3 3 9 1) If possible process parts. 
2) Redesign if necessary and modify 
time plan. 

Individual components are 
overlooked 

3 2 6 1) Do checkups of schedule and RCV 
part list to prevent this.  
2) Be sure to prioritize critical 
components.   
3) Modify time plan. 

Manufacturing is more 
expensive than expected 

2 2 4 1) Look for cheaper manufacturers.  
2) Modify budget. 

Manufacturing is more time 
consuming than expected 

5 4 20 1) If possible use parts from existing 
RCV. 
2) Make a temporary solution for the 
moment that is corrected later. 
3) Modify time plan. 

Design turns out to be 
flawed 

3 4 12 1) If possible, correct design in time 
2) Make a temporary solution for the 
moment that is corrected later.  

Sickness, one is absent > 1 
week 

1 4 4 1) Work overtime during 
assembly/test period.  
2) Modify time plan. 

Company withdraws from 
contract 

1 3 3 1) Continue with project without 
building the prototype. 

Company change 
requirement specification 

1 4 4 1) Continue according the new 
requirement, modify time plan and 
order of priority.  

Parts break during testing 
 

2 5 10 1) Order new/repair parts 
2) Work with other tasks not blocked 
by the broken parts. 
3) Modify time plan. 
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It was concluded that the two most significant risks were the event “Off the shelf components 
cannot be delivered on time” and “Manufacturing is more time consuming than expected”. The 
reason for this was because of the busy time plan of the project. Also these risks were actions that 
could not be fully controlled in house.  
 
1.4.3 Modeling and simulation tools used 
The vehicle design was performed using model based development, including several different 
design programs which are described below.  
 
Multibody Dynamics, MBD 
MSC Software, ADAMS was used for the dynamic analysis of the system based on a worst case 
scenario.   
 
Computer-aided Design, CAD 
The CAD was performed in Solid Edge ST5, where the geometrical design of the system was 
created and analyzed.  
 
Finite Element Analysis, FEA 
ANSYS was used for the FEA, where the design was tested. Loads calculated in ADAMS was 
imported into ANSYS for the worst load in x-, y-, and z-direction. The FEA analysis was only 
carried out in the static structural environment of ANSYS.  
 
1.4.4 Workshops 
Regarding the manufacturing of the components, they were carried out at several workshops where 
most of them already had been involved in the manufacturing of components for the RCV. This 
meant that relations already existed and the workshops’ limits and preferred way of work already 
was known. The roll cage and several minor components where manufactured at the company in 
California and new workshops had to be found in the area.  
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2 FRAME OF REFERENCE 
The following chapter covers the pre study relating to existing knowledge regarding vehicle 
dynamics in general and the existing RCV concept. 
 

 RCV, Research Concept Vehicle  
As the RVC-M was similar to the previous version, the RCV, at the level of system architecture it 
is desirable to first go through the RCV to fully understand the basis of the project. The RCV is 
shown in Figure 2. 

 

 
Figure 2. CAD-model of the previous RCV 

 

The vehicle consisted of a carbon fiber bottom plate with two identical separated modules mounted 
on the bottom plate in the front and rear of the vehicle, which acts as suspension for the wheels 
and could easily be replaced if desired. The vehicle was completed with a driver interface, seats 
and a roll cage. The RCV also featured steer by wire integrated in the steering as well as 
individually controlled active camber and hub motors on each wheel. This, four wheel drive and 
four wheel steer-concept, enabled both the steering and camber angle of the vehicle to be controlled 
independent of the angle on the other wheels. The purpose for the RCV was to act as a research 
platform in several different fields of science at KTH, primarily in vehicle dynamics, lightweight 
design and mechatronic development.  
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2.1.1 Terminology of RCV 
The terminology concerning vehicle dynamics and suspension components is quite comprising 
and one component can often have several names. In order to avoid confusion, the names and 
abbreviations for important parts used in this report henceforth are marked in Figure 3, showing a 
CAD image of the suspension used on the RCV. 

 

 
 

Figure 3. CAD-model of RCV suspension with named important components 

 
 Vehicle terminology 

Following section relates to the general features that were treated in this project.   
  
2.2.1 Autonomous vehicles 
A vehicle that is capable of driving without any input from a driver is usually referred to an 
autonomous vehicle. This is most often achieved by implementing one or several computer that, 
together with laser, radars, cameras and other types of sensors, automatically can detect obstacles 
and control the vehicle. Vehicles which are steered autonomously are an up and going phenomena 
on today’s market. Due to (Keen, 2013) fully autonomous, driverless cars are here to stay with its 
potentials regarding high safety, low cost and reduced emissions. This is further confirmed by the 
several major corporations that have announced plans of manufacture autonomous cars in the near 
future (Litman, 2014).    
 
There are several levels of autonomous performance, from single functions to fully automated 
vehicles.  In the lowest level of vehicle automation, single autonomous functions acts as a tool for 
the driver, where the driver still is handling the car as regular. Cruise control, and lane guidance is 

Spring 
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typical examples of autonomous functions of the first level that is already implemented in cars 
today. In the highest level, all driving functions are autonomous and the vehicle does not need any 
human interaction to drive, which google has successfully developed (Mahan, 2014). Some are 
however skeptical toward this technology and argues that it is still long time before any car is 
commercial available. But, the legislation for fully autonomous vehicles is on its way. The 
California Department of Motor Vehicles declared “…the regulations governing how 
manufacturers can test autonomous vehicles on California roads went into effect today, September 
16, 2014” (California Department of Motor Vehicles, 2014) .  
   
2.2.2 Steer by wire 
Steer by wire is a phrase often used to describe a driveline where the steering interface of the driver 
lacks a mechanical connection to the moving steering components of the vehicle, which in the case 
of cars are the wheels. Instead the driver interface is connected electrically to motors, linear 
actuators or other electronics capable of moving the steering components in the desired way. 
 
The use of steer by wire together with autonomous technology was first commercially 
implemented in the aviation industry in order to automatically stabilize the aircraft without input 
from the pilot. The main reason for implementation of steer by wire in this system was to reduce 
the overall weight by replacing heavy mechanical components with lightweight electronics 
(Tomayko, 2000). However, by 2015, steer by wire is still prohibited in commercial vehicles 
because of reliability concerns.  
 
2.2.3 Vehicle dynamics 
When designing the suspension of a car there are some terms regarding vehicle dynamics that 
needs to be kept in mind. The most important of these are explained below.  
 
Toe angle is the angle between the direction of travel and the wheel. In racing sports, toe 
adjustments are of importance when handling of the car in corners. In the case of neutral toe the 
rolling resistance is lowest but might not be optimal for performance cars where road handling 
abilities are extremely important. The toe angle can easily be altered with a steer by wire function 
since the wheels are individually controlled  (Kojima, 2011). Toe angles of a regular car is shown 
in Figure 4. 
 

 
Figure 4. Schematic image of toe angle 
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Scrub radius is the distance between the steering axel centerline and the tire centerline at the tire 
ground contact. See Figure 5. A scrub radius, positive or negative, provides a turning moment of 
the wheel in motion making the wheel toe in during positive scrub or toe out during negative scrub 
(CDX onlie eTextbook, 2009). However a large scrub radius mean that force required to steer the 
wheels while standing still can be significantly lower (Bosch, SAE society of automotive 
engineers, 2007). A schematic figure of scrub radius is shown in Figure 5. 
 

 
Figure 5. Schematic figure on how the scrub radius is measured. 

Bump steer is a term used when the wheels acquire an unwanted steering angle during vertical 
wheel travel relative to the chassis, for example when driving over a bump. A high bump steer will 
make the vehicle hard to handle and will greatly affect the driver experience. Therefore it is 
important to be careful when designing the suspension and wheel geometry to ensure a low bump 
steer. To create a zero bump steer three geometrical properties has to be fulfilled, see Figure 6.  
 
1) The centerlines of UCA, LCA and tie rod must intersect in the same center point  
2) The outer joint of the tie rod must fall in line with the outer joints of the UCA and LCA 
3) The inner joint of the tie rod must fall in line with the inner joints of the UCA and LCA 
 (Longacre Racing, 2015). 
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Figure 6. Schematic image of how 0 bump steer is achieved 

 
Camber gain is when the tiers centerline changes from the vertical position and is a result of body 
roll as well as jounce and rebound, see Figure 7. The camber gain has both positive and negative 
effect on the behavior of the car; the grip during cornering can be improved by negative camber. 
The camber also effects the tire wear and the acceleration, which is related to the grip. For most 
commercial cars a neutral camber while driving straight forward and a slight negative camber 
during VWT is desirable (Gillespie, 1992). The camber gain can be cofigured when designing the 
suspension by altering the angle,  length and placement of the control arms of the control arms. 
 

 
Figure 7. Schematic figure of camber angle 

 
 Existing suspension solution 

As part of the pre-study some different variations of existing suspensions were investigated and 
discussed with  (Zetterström, 2014).  Three concepts feasible for the RCV-M are described below. 
 
Double wishbone 
The double wishbone concept consists of two A-arms connecting the upright to the chassis. The 
dampener is either mounted in any of the control arms or in the upright to the sub frame. Double 
wishbone is often used in race car or other high performance car since the behavior of the wheels 
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can be easily configured with high precision (Bosch, SAE society of automotive engineers, 2007). 
However the upright needs to be designed in a more advanced way and a large number of 
components is required. A conceptual sketch of the double wishbone suspension is shown in Figure 
8. 
 

 
Figure 8. Double wishbone concept 

McPhearson 
McPhearson suspension is one of the simplest type of suspension commercially used. The concept 
can be found on some commercial cars but also in many lighter four wheeled terrain vehicles. The 
concept features a single control arm connected to the sub frame and the lowest part of the upright. 
The dampener connects to a higher part of the chassis/sub frame from the top of the upright, which 
is often referred to as a McPhearson strut. Benefits with this concept are mainly the simple design 
of the upright and a low number of required components, but this comes at a cost of decreased 
configurability and inferior performance. A conceptual sketch of the McPhearson concept is shown 
in Figure 9. 

 
Figure 9. McPhearson concept 
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Imaginary kingpin concept 
The Imaginary king pin concept is rarely used in commercial vehicles today, mainly because due 
to its high complexity and amount of required components. It can however be used to easily acquire 
a desired scrub radius when needed. The concept is similar to the double wishbone with a large 
upright connected to the chassis with an upper and a lower control arm. The lower control arm is 
however split into two separate arms and mounted to the upright in two separate pivot points as 
shown in Figure 10 (Zetterström, 2014).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Both parts of the lower control arm is set to enable rotation in two directions, one where the wheel 
is allowed to move upwards as in previous concepts and one when steering the wheel. When the 
wheel is being steered the upright will rotate along an axis drawn from the upper pivot point in the 
upright to an imaginary pivot point created by the two individual pivot points between the split 
LCA and upright. This imaginary point is marked in Figure 10 above. The lower pivot point of the 
upright is derived from the location of the two pivot point connecting the split lower control arm 
to the upright. Hence the angle of the rotational axis of the upright can be changed by slightly 
adjusting the locations of these points.  
 
 
 
  

Figure 10. Left. Imaginary kingpin concept, Right. Split LCA seen from above 

Imaginary axis of rotation 
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3 Adjustments and requirement specification 
In this chapter requirements for the RCV-M are listed. These were set up in the beginning of the 
project during a meeting held with the team developing the RCV-M and the company ordering the 
vehicle.  

 
 List of requirements 

The final list of requirements is presented below.  
 
Geometrical requirements: 

 2.6 m wheel base 
 Less than 3.5 m overall length  
 1.5 m track width 
 19´´ rim diameter 
 27 – 29´´ tire outer diameter 
 1.8 m maximum height 
 At least 150 mm ground clearance  

 
 Available space for passenger containing three seats and driver, with a length of 75´´ and 

a width and height of 45´´ 
 Maximum 20 mm scrub radius, preferably as close to zero as possible 
 Maximum 100 mm of track width change during bump 
 Maximum 5° bump steer between the wheels highest and lowest point relative to the 

bottom plate 
  Maximum 10° camber gain between the wheels highest and lowest point relative to the 

bottom plate 
 

 4 hub motors capable of delivering a continuous power of 5 kW each 
 Vehicle top speed 70 km/h 
 72 V batteries with at least 7 kWh mounted inside the sub frames  
 Frames mounted on top of the sub frame capable of mounting two 19 inch standard 

computer racks, each holding 8 units 
 A final prototype weight of 700 to 1000 kg 
 Steering actuators with a minimum speed of 50 mm/s and minimum force of 2000 N 
 The brakes should be able to prevent the RCV-M from moving when full throttle is applied 

 The driver should always be able to brake manually without turning of the autonomous 
drive 
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 Modification in wheel suspension on existing RCV  
Apart from the quantitative list of requirements set up together with the company, some major 
modifications to the existing RCV had to be made. Under modifications required by the company, 
design changes made to suit the company’s field of use is described. The segment, improvements 
on current RCV, includes correction of design flaws and improvements that the company has not 
specified, but which was implemented in the design of the RCV-M in order to increase the 
performance and ease manufacturing.  
 
3.2.1 Modifications required by the company 
Much of the altered features were motivated by the implementation of autonomous functions to 
the RCV-M and to get an esthetical design suiting the company.  
 
Summary of company modifications 

 Remove camber function 
 Quadrant bi-directional design 
 Remove pushrod and place dampener directly between chassis and LCA 
 Shorten control-arm 
 ”Bus-style” design, instead of the previous design, with two seats facing forward and one 

backwards 
 Universal mounts two GPS and eight LIDARs.  
 Attach roll cage to sub frames in order to increase overall stiffness 
 Use silent actuators for steering system 

When designing the drive train, the quadrant bi-directional design of the vehicle meant that only a 
single quarter had to be designed and the remaining three would be symmetrical in both directions 
to the first one, this is shown in Figure 11. 
 

 
Figure 11. Concept of quadrant bi-directional design 
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3.2.2 Improvements on current RCV 
Since the RCV recently had been designed and problems that arose during manufacturing and 
assembly of the vehicle were well known these where listed at the beginning of the project. Most 
of these concern issues which resulted in an unnecessary large production cost, time consuming 
assembling process or simply a flaw in the performance of the vehicle. The largest flaw was the 
placement and direction of the tie rod which was placed with a sharp angle relative to the steering 
rocker and steering arm. This caused poor force allocation which required unnecessary large 
steering force. Also it was concluded that generally, components on the RCV were difficult to 
access while maintaining the vehicle and that several of the components used in the RCV was 
unnecessary expensive. Keeping this in mind when designing, accessibility might be improved 
and overall cost reduced. 
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4 THE PROCESS 
This chapter describes the design process of the RCV-M. In the beginning of the chapter the 
concept generation process of different system is described along with geometry generation for 
the suspension. Later in the chapter the design process of each individual sub systems is described.  

In order to ease the understanding of the vehicle it was divided into 10 subsystems listed and 
marked with their corresponding location on the vehicle in Figure 12. These were also used to 
categorize and handle the large amount of drawings and files being produced during the project. 
These are listed below with their locations marked in the final CAD-model of the RCV-M in Figure 
12. A full list of parts used on the RCV-M is found in appendix 3. 
 
 

 
 

Figure 12. Sub systems marked in CAD-model of the RCV-M 

 
 Concept generation 

The overall concept of the RCV-M was to be kept similar to the RCV, with a structural bottom 
plate, identical individual wheel modules in the front and rear and a roll cage made out of steel 
tubes. One of the major challenges with the prototype was to fit the large amount of components 
required for autonomous driving while still providing a large passenger space. Before the design 
of each individual subsystem was performed a general layout concept regarding the required 
available space and placement of major systems was made. The conceptual layout of the RCV 
contra the RCV-M is shown in Figure 13 and Figure 14. 
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Figure 13: Conceptual packing layout on finished RCV 

 
 

 

Figure 14: Conceptual packing layout on RCV-M concept 

 
 
The steer by wire function of the vehicle mean that a large amount of control system equipment 
such as sensors, encoders and controllers had to be implemented into the car. The RCV-M is 
controlled by a central computer on the car, named Autobox. This computer processes input, either 
from the driver when in manual mode or from the two computer system when in autonomous 
mode. The Autobox then processes the input according to a pre-loaded code and send output 
signals to each motor controller, efficiently controlling the vehicle. 
 
4.1.1 Suspension concept generation 
In chapter 2, three suitable suspension concepts were described. These concepts were evaluated 
together with (Nybacka, 2014) and (Zetterström, 2014). A set of parameters regarding economy, 
vehicle dynamics and overall design was set and rated based on their importance. A Bohrs matrix 
where certain design parameter where rated from 1-5 and also given a weighting factor from 1-5, 
depending on their importance, was made as shown in Table 2. 

 
Green: Sub frames 
Blue: Battery 
Yellow: Steering interface 
Orange: Mechatronic components 
Teal: Autobox 
White: Passenger space 
Purple: Seats 
 

Green: Sub frames 
Blue: Battery 
Yellow: Steering interface 
Orange: Mechatronic components 
Teal: Autobox 
White: Passenger space 
Purple: seats  
Red: Autonomous computers 
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Table 2. Bohrs matrix of suspension concepts 

 
As seen in the matrix double wishbone was the concept that received the highest score and was 
therefore chosen as the concept to be used. This concept was also used on the previous RCV 
making it a familiar and well-tried concept. 
 
4.1.2 Steering system concepts 
Once the concept of the suspension was chosen the concept for steering could be decided. Four 
concepts were generated, mainly differing by which type of actuator being used and where it was 
placed. The concepts are presented in Figure 15 to Figure 18 below along with pros and cons for 
each concept. 
  

Design parameter  Weighting factor  Double wishbone  Mc 
Phearson 

Imaginary 
kingpin 

Cost  2  3  4  2 

Design time  4  5  3  3 

Manufacturing time  3  3  4  2 

      

Impact on sub frame 
design 

5  4  1  1 

Complexity  4  3  5  2 

      

Ability to adapt scrub 
radius 

4  3  3  5 

Ability to adapt track 
width change during 
vertical wheel travel 

2  3  2  3 

Ability to adapt 
camber change during 
vertical wheel travel 

3  4  2  4 

Estimated unsprung 
mass 

2  3  4  3 

      

Result    102  87  77 
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Linear actuator placed in outer suspension  

 
Figure 15. Steering concept with linear actuator placed between Sub frame and 

Upright 

 
 
 
 
  
Linear actuator placed in sub frame 
 

 
Figure 16. Steering concept with actuator placed inside Sub frame 

+ Small number of components 
+ Increased space in middle of 

sub frame  
+ Same linear actuator used on 

current version of RCV, well 
tried concept 

 
- Actuator subject to dirt and 

vibration 
- Actuator needed to be fit into 

cramped area 
- Complex solution for 

mounting encoder 
- Limited selection of linear 

actuators 
 

+ Actuator placed in protected 
area 

+ Design is easy to fit to 
geometrical specifications 
of actuator.  

+ Linear actuator used on 
current version of RCV, 
well tried concept 

 
- Uses space inside sub frame 
- Limited selection of linear 

actuators 
 



23 
 

 

Rotational actuator placed on upright 
 

 
 
 

Figure 17. Steering concept with rotating actuator placed on top of upright 

 
Rotational actuator placed in sub frame 
 

 
Figure 18. Steering concept with rotating actuator placed on top of Sub frame 

 
The different concepts where discussed with (Zetterström, 2014) and (Nybacka, 2014) and it was 
decided that concept number 2 with linear actuator placed inside sub framed was to be used. This 

+ Small number of 
components 

+ Increased space in middle of 
sub frame 

+ Linear relationship between 
actuator position and wheel 
angle 

 
-  Hard to mount an actuator 

powerful enough to turn the 
wheel 

-  Current design of upright 
needs to be heavily 
modified to mount actuator 

-  Actuator subject to dirt and 
vibration 

+ Actuator placement located 
far away from other moving 
parts, deceased risk of 
collision. 

+ Easy to mount encoders to 
actuator 

+ Actuator placed in protected 
area 

 
- Large number of 

components 
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was mainly because linear actuators had proven to work well on the current RCV and that it was 
considered important to protect the actuator from vibration in order to increase the life length of 
the component. The design of most components in the suspension was done for this concept, 
unfortunately the requirement of silent steering actuators became stricter by the company in a late 
stage of the project, which none of the supplier for the linear actuators could meet. This caused a 
conceptual change for the steering system and it was decided to use concept 4, rotational actuators 
placed in Sub frame instead.  
 

 Suspension 
Before designing the suspension components, certain key points in the wheel geometry had to be 
chosen. This was done by first creating a 2-dimensional geometry of the suspension seen from the 
side, once this was done the complete 3-dimensional geometry was generated. 
 
4.2.1 2-dimensional geometry 
The 2-dimensional geometry was done in order to keep the track width, scrub radius, bump steer, 
camber and track width change during vertical wheel travel in their desired intervals described in 
Chapter 3. MATLAB and the Solid Edge sketch tool were used for doing this analysis. Since it 
had been decided that the uprights from the previous RCV was to be used on the RCV-M the points 
in the outer suspension, from the upright to the wheel, was selected first in order to give a desirable 
scrub radius. The upright and motor does not include any flexible joints apart from the rotational 
axis of the motor and could be considered a rigid body. The models origin was placed in center 
between each pair of wheels in level with the ground. A CAD- model of the upright is shown in 
Figure 19 below. 
 

 
Figure 19. CAD image of upright taken from RCV 

 
Several different values for the placement of the mounting points and length of the control arms 
was generated before a final design could be chosen. Evaluating the different geometries was 
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performed by moving specific key point in the sketch to desired values and measuring the key 
parameters. The final location of the key points in the XZ-plane is presented in Figure 20. 
 

 
Figure 20. 2D geometry sketch of suspension 

 
 

  
4.2.2 3-dimensional geometry 
Once the 2-dimensional sketch was finished, the width of the control arms was to be chosen and a 
3-dimensional suspension geometry was created. This was once again done in an iterative process 
where the Solid edge 2-dimensional sketch tool and ADAMS was used in order to estimate forces 
acting on the connection points. The general goal of the design was to keep the resulting forces in 
the connections point as low as possible while still placing connections close to each other in order 
to keep the sub frame from interacting with the required cabin space. The final quadrant geometry 
is presented in Figure 21. 



26 
 

 
Figure 21. 3D sketch of suspension geometry 

 
4.2.3 Sub Frame 
The major function of the Sub frame is to mount the control arms and steering system as well as 
the batteries and computer mounts.  
 
When the coordinates for the control arms mounting points had been decided the design of the Sub 
frame could be made. Once again Solid Edge was used to create the basic geometry for the Sub 
frame before the actual CAD was produced. A similar design as the Sub frames on the RCV made 
with the same manufacturing methods of round steel tubes welded together was to be used. In 
order to ease manufacturing, bent tubes where avoided since it was known from previous work on 
the RCV that many workshops could not do tube bending. For mounting the control arms double 
mounting brackets where used. These consisted of two sheet metal components welded to the 
frame. Similar brackets where used to mount the steering rocker and the dampener as well. A 
preliminary 3d-model of the Sub frame made as single part in Solid edge was produced with the 
purpose of evaluating the required diameter and thickness of the tubes as well as the thickness of 
the mounting brackets for the Control arms, Steering rocker and Dampener.  
 
The requirement of 7 kWh battery energy was fulfilled by using 12 battery packs, which gave a 
total of around 9.2 kWh of energy. Each battery pack had outer dimension of 126x190x280 mm 
where 190 mm was the height of the battery, having the lid upwards. In order to mount these safely 
into the sub frames two sheet metal mounts where manufactured, each one able to mount 6 battery 
packs. These are shown in Figure 22, left, together with the batteries mounted inside the sub frame, 
right. 
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Figure 22. CAD-model of Sub frame with battery mount and batteries. 

 
 
4.2.4 Control Arms 
The Control arms subsystem consists of the upper and lower control arm as well as dampener, 
bushings and mounting bolt for these. 
 
Since coordinates for all mounting points of the control arms already had been decided and the 
upright from the previous RCV was to be used a lot of the geometry for the control arms already 
was established when sketching the geometry and using FEA. As with the Sub frame tube bending 
was avoided in order to ease manufacturing. The outer pivot points of the control arms were 
connected to a spider which was similar to the previous spider on the RCV, and the inner pivot 
points were connected to the sub frame, where vibration reducing bushings from Powerflex were 
used.  
 
The geometry for the LCA was slightly more advanced than the UCA, since the dampener was to 
be connected between the LCA and the Sub frame. According to (Nybacka, 2014) a ratio, ⁄  
of 0.3-0.5 between the compression of the spring and the wheels vertical movement is considered 
feasible for a comfortable personal car, meaning the shock will compress 3-5 mm if the wheel 
travels 10 mm. To obtain this ratio the support tube was placed further down on the LCA, giving 
an average overall ratio, ⁄  of 0.477.  
 
Once the geometry of the control arms had been decided, a suitable dampener and spring could be 
chosen. Given the large selections of springs available, the dampeners was selected first. One 
requirement specified in the list of demands was that the vertical wheel travel relative to the bottom 
plate should be +/- 50 mm from the vehicles neutral position. The goal when dimensioning the 
dampener and springs for the vehicle was to achieve a suspension behavior similar to that found 
in commercial cars used today.  
 
The Öhlins ILX 3410 dampener met all the geometrical constrains and had a fully adjustable 
damping ratio which made it suitable for the RCV-M. It also featured fully adjustable rebound 
which is considered an advantage since it meant that several combination between the damping 
and rebound could be tested and evaluated in a real testing environment. A relating Öhlins spring 
was chosen, with a spring stiffness, k, of 68 N/mm and was pretensioned to 3 kN. A CAD image 
of the control arms, dampener and bushings, are shown in Figure 23. 
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Figure 23. Control arms and dampener 

 
 
A hub motor from EV-motors with a rated power of 5	  and a peak power of 10	 	was 
selected and mounted to the existing upright with a clamping ring connecting the hub of the upright 
to the motor axle. An exploded view of the suspension is shown in Figure 24.

 

  

1) Sub frame 
2) LCA 
3) UCA 
4) Powerflex bushing 
5) Dampener 
6) Upright 
7) Brake disc 
8) Clamping ring 
9) Hub motor 
10) Wheel 

 

Figure 24. Exploded view of complete suspension 
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 Steering system 
The placement of the tie rod was already specified as seen in Figure 20, section 4.2.1 as well as 
the attachment point for the rocker to the sub frame. On the previous RCV linear actuators with a 
maximum force of 800 N and a maximum speed of 51 mm/s was used. Since the estimated weight 
of the RCV-M was about 50 % higher than that of the RCV, it was concluded that an equivalent 
force output of the rocker to the tire had to be around 2000 N. The speed, of the RCV’s actuator, 
was considered fast enough to give a good response time between the driver’s input and the angular 
change of the wheel. Rotational actuator from DOGA, originally used for windscreen wipers on 
large ships, was chosen as steering actuator. The DOGA gives a maximum output peak torque of 
120 Nm with nominal rotational speed of 22 rpm. In order to keep as much space as possible inside 
the sub frame, the rotational actuators was placed above the sub frame and connected to the 
steering rocker through a rotating rod.  On the previous RCV the steering needed to be re-calibrated 
every time the car was restarted which was undesired in the RCV-M. In order to avoid this, 
absolute encoders from Wachendorff-Automation was connected to the outgoing shaft of the 
steering motor. These encoders registered the position of the motor, thus always providing the 
computer with information about the wheels position. The complete steering system mounted to 
the sub frame is shown in Figure 25. 
 

 
Figure 25. Steering system with named major components

4.3.1 Computer frames 
As was mentioned in the requirement specification, two 19´´, 8-unit computers should be mounted 
on the RCV-M to process data from the LIDARS and controlling the autonomous function of the 
vehicle. A mounting frame for these where designed, mounting standard computer racks with bolts 
through slots on the side of the frame. The frame was also tilted with an 8 degree angle in order to 
enable the computers to be more accessible. The frames where mounted on top of the sub frame 
with aluminum mounts, two of them also mounting the motors for the steering system. A CAD 
image of a complete wheel module is shown in Figure 26. 

1) Steering motor 
2) Absolute encoder 
3) Motor mount 
4) Rotating rod 
5) Rocker 
6) Tie rod 
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Figure 26. CAD-model of complete wheel module 

 
 Bottom plate 

The bottom plate was manufactured out of carbon fiber sandwich with lightweight foam as base 
material. PET core where the sub frames were mounted and balsa wood with directional fibers 
where the roll cage was attached. Chutes were added for attaching aluminum rails as well as cable 
routing. The bottom plate can be seen in Figure 27 where the area reinforced with PET is marked 
with green and the balsa reinforced edges with blue. 

 

 
Figure 27. CAD image of bottom plate with marked areas where it has been reinforced 
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 Driver interface 
The driver interface module consisted of the steering wheel and brake sub systems mounted to a 
frame in front of the driver. The frame was also used to mount the Autobox, which was controlling 
the driveline of the car together with the individual motor controllers needed for the steering 
interface. A CAD image of the driver interface frame is shown in Figure 28. 
 

 
Figure 28. Driver interface frame 

4.5.1 Brake system 
The combined autonomous function and manual driving mode of the RCV-M meant that the brake 
system had to be split into two separate systems. A parallel brake system consisting of one regular 
brake system activated by a manual brake pedal and one autonomous brake system activated by 
the computers controlling the car was implemented. Each brake system was divided onto two 
master cylinders, one connecting to the rear wheels and one to the front wheels. The autonomous 
and the manual system was mounted parallel to each other and connects to the same calipers 
through a valve enabling brake fluid from the system with the highest pressure to flow to the 
calipers. A conceptual sketch of the brake system is shown in Figure 29. 
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Figure 29. Conceptual sketch of parallel manual/autonomous brake system 

A requirement from the company was that the autonomous brake should disengage when the 
manual brake was applied with higher force, thus enabling the manual brake to override the 
autonomous. This was done by placing a pair of pressure sensors between the autonomously 
activated brake cylinders and the valve where both the systems connected, one sensor for the front 
system and one for the rear, and one pair after the valve. The signals from the sensors upstream of 
the valve could then be compared with the signal from the sensors placed downstream of the valve. 
In a case where the autonomous brake was previously activated and the manual brake was activated 
as well the sensors placed downstream of the valve shows a higher pressure than those upstream. 
When this was registered by the computers the autonomous brake would disengage, thus letting 
the manual system override the autonomous. In order to keep the fluid level in both systems at an 
equal level the same reservoir was used for the front/rear autonomous system as for the front/rear 
manual system. The manual brake system consisted of a standard brake pedal purchased from 
Wilwood, cylinders from Girling and hydraulic brake components from ISR, similar to the existing 
brake system on the RCV. An exploded view of the manual brake pedal is shown in Figure 30.  
 

                            
  

1) Oil reservoirs 
2) Electro hydraulic brake  
3) Manual brake pedal 
4) Pressure gauge 
5) Directional valve 
6) Brake calipers 

 

1) Master 
cylinders 

2) Wilwood 
brake pedal 

3) Brake pedal 
mount 

 

Figure 30. Exploded view of manual brake pedal 
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The autonomous brake system was implemented using a similar Wilwood pedal base and Girling 
cylinder as the manual system. The brake pedal was replaced by a linear actuator mounted to the 
pedal base. An exploded view of the autonomous brake pedal is showed in Figure 31. 
 

 
Figure 31. Exploded view of autonomous brake pedal

 
4.5.2 Steering interface 
The steering interface, where steering wheel and dashboard is attached, which was used on the 
RCV was used for the RCV-M as well, though a redesign on conceptual level was required to suit 
the new specifications. An electric motor connected to the steering wheel through a harmonic drive 
was used to provide the driver with feedback, giving a resisting torque in the steering wheel in 
order to simulate the behavior of a steering wheel on a conventional driveline. The other end of 
the motor connects to an absolute encoder, similar to the encoders used on the steering motors, in 
order to send the input signal from the driver to the computer on the car. A conceptual sketch of 
the steering interface is shown in Figure 32. 
 

1) Actuator mount 
2) Brake actuator 
3) Master cylinders 
4) Brake rocker 
5) Wilwood brake pedal 

base 
6) Brake pedal mount 
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Figure 32. Conceptual sketch of steering wheel layout 

 
A gear ratio of 1:50 in the harmonic drive was used together with a motor with output torque of 
1.5 Nm, giving a torque to the steering wheel of 75 Nm. This was high enough to prevent almost 
all driver from turning the wheel when the motor is fully counteracting the input from the driver.  
 
A dashboard was made out of carbon fiber in order to mount toggles and switches needed for 
further input from the driver. This was mounted onto an arm next to the steering wheel. An 
exploded view of the steering interface is shown in Figure 33. 
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4.5.3 Autobox mount 
The Autobox used to process all driver and computer inputs, was placed on the frame together 
with motor controllers for the autonomous brake actuator and steering wheel motor, with several 
minor electronical components such as relays and converters. A CAD model of the Autobox mount 
with mounted components is shown in Figure 34. 
 

 
Figure 34. CAD-model of Autobox mount with named major components 

1) Steering wheel attachment 
2) Harmonic drive 
3) Haptic feedback motor 
4) Steering wheel encoder 

Figure 33. Exploded view of steering interface 
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A throttle pedal was attached to the frame. The complete driver interface frame is shown in Figure 
35. 

 
 

Figure 35. CAD model of complete driver interface with named components 

 
 

 Roll cage 
The roll cage major function is to reduce personal damage inflicted on driver and passenger in case 
the RCV-M should roll over when used. It also acts as a mount for the sensors needed for 
autonomous driving as well as seats and fenders. The visual design of the roll cage was considered 
to be important and had to meet the company’s specifications at a high level. It was also important 
that the mounting point for the LIDARS were as rigid as possible compared to the bottom plate in 
order to get an exact measured values from the lasers. The roll cage had to be symmetric in the 
front and rear to visualize the concept of bi directionality. Several designs were discussed with 
designers from the company regarding the esthetical aspect weighted against mechanical aspects 
such as weight and stability as well as manufacturability.    
 
The cage was made out of Chrome-molybdenum steel (25CrMo4) which is a material that, due to 
its high yield strength and weldability, often is used for roll cages in racing cars. The design was 
made to mimic that of a mini-van, providing a large seating space for passengers. Four LIDARs 
where placed in each corner on top of the cage and four in each lower corner of the cage. The 
mounts for the LIDARs was made using shaft collars that easily could be moved if desired enabling 
different placements to be tested by the company. Since the driver needs a clear view, there were 
no room to place large diagonal element on the roll cage, instead smaller diagonal tubes were 
implemented in the corners of the cage and to the roof. The seats were mounted straight onto the 
roll cage enabling components to be mounted under the seats. Two attachments connects the cage 
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to the computer frames providing stability to the cage in order to keep the LIDARs fixed in 
position. Four fenders where made out of carbon fiber to protect fragile components from gravel 
and water on the ground and attached to the cage. The roll cage is shown in Figure 36. 
 

 
 

Figure 36. CAD-model of roll cage with fenders 

 
 
4.6.1 Mechatronic mount 
Control system components were needed to be mounted to the car in a place where they were easy 
to access and would not be accidentally harmed by passengers on the car. Two mounts where 
placed next to each sub frame under the seats of the car and contained the battery for the auxiliary 
systems as well as motor controllers for each hub-, and steering motor. The mechatronic mount 
with mounted components is shown in Figure 37. 
 

 
Figure 37. Mechatronic mount with named components 
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 Verification 

Here the ADAMS analysis of the suspension geometry is explained, as well as the general ANSYS 
analysis of the custom made parts. 
 
4.7.1 ADAMS 

Parallel to the 3-dimensional sketch, shown in the suspension section, an ADAMS model of a 
wheel corner was created with the help of Mikael Nybacka (Nybacka, 2014). The UCA, LCA, 
upright and tie rod was considered as rigid bodies and a spring and dampener was introduced 
between the chassis and LCA. The tire and ground was modeled with the use of a standard 
ADAMS tire property file.  The ADAMs set up of a wheel corner is shown in Figure 38.  

 

  
Figure 38. Image from ADAMS car of analyzed wheel corner,  

A force was applied in the contact point between the wheel and the ground measuring 3000 N in 
X-, Y- and Z- directions as shown in Figure 38, note the orientation differ from the CAD. The load 
was representing turning the wheel as well as vertical travel through the whole specified interval, 
including vehicle mass. This was considered to represent a worst case scenario of breaking and 
turning the vehicle at the same time. Resulting maximal forces, ignoring the initial sequence, in 
the joints were retrieved from the simulations. A typical plot, with the withdrawn maximal forces 
from a pivot point, can be seen in Figure 39 below. 
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Figure 39. Example of diagram of forces acting on the inner front connection between LCA and Subframe joint in suspension 
with maximum forces in each direction marked  

 
An example of the retrieved maximal forces from the ADAMS plots can be found in the table 
below. The maximum forces in each key point of the suspension calculated in ADAMS as seen in 
Figure 39 are summarized in Table 3. 
 
 

Table 3. Maximum forces acting on all joints taken from ADAMs diagram 

Joint name   X (N)  Y (N)  Z (N) 

Tie rod   0  1100  – 200 

LCA/Subframe rear  0  9000  – 2500 

LCA/Subframe front  – 3500  – 700  – 1400 

Spring  0      – 
4000 

7300 

UCA/Subframe rear  0  – 1700  – 1400 

UCA/Subframe front  1000  – 100    – 100 

LCA to Upright  3800  – 4900  – 3200 

UCA to Upright  – 1009  2400  1041 
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4.7.2 ANSYS 
Load cases used in the ANSYS analysis were derived from the ADAMS analysis described above 
with forces located as shown in Table 3. ANSYS models were performed on custom components, 
which were exposed to high stresses or were vital for safety. Typically a CAD model were 
imported into the ANSYS environment and an analysis were performed using static structural. 
During the verification a safety factor of two was used when comparing the stresses from ANSYS 
and the yield strength of the used material. Both Von Mises-, and First Principal stresses were used 
for the dimensioning. Below, the applied forces, Von Mises-, and First Principal stresses can be 
seen in Figure 40 to Figure 42. 
 

 
Figure 40. Example of ANSYS force set-up on Sub frame 

 

 
Figure 41. Example of von Mises stresses from ANSYS on sub frame with the load case shown in Figure 41 
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Figure 42. Example of maximum principal stress corresponding to Figure 41 

 
In some cases, higher stresses were allowed than the safety factor permitted. This was motivated 
by analyzing the stress concentrations by refining the mesh and looking at the material depth of 
the stresses. If the stresses were considered local, and not likely to affect the strength of the overall 
structure, the part was not redesigned. Figures from all ANSYS simulations can be found in 
Appendix 4. As seen in Figure 42 the high maximum principal stress indicates that there was a risk 
of crack propagating due to fatigue in the corner where the highest stress was located. This stress 
concentration proved hard to get rid of due to the sharp angle of the corner and after some 
consulting with the more experienced personnel at the welding workshop, it was considered 
unlikely to occur and therefore ignored.  
 
Hardox 500 was chosen as a suitable material for the Sub frame, having high yield- and tensile 
strength. Weldox 700 was considered feasible for the mounting bracket. This material is similar to 
Hardox 500 but delivered as sheet metal instead of tubes. Both material have good weldability and 
decent machinability, although special cutters for the mill is require due to the high strength of the 
materials.  Chrome molybdenum steel, 25CrMo4 was chosen as tubing for the roll cage as it has a 
high yield strength and is both good for bending and welding. For milled structural parts 
Aluminum 7075 was chosen as it is easy to mill and lathe as well as having a high yield strength, 
even though it is slightly more expensive than regular aluminum. For aluminum parts not subject 
to high loads aluminum 4048, being cheaper than 7075 was selected. Some parts were also 
manufactured in regular machine steel and powder coated after manufacturing to avoid corrosion. 
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Table 4. Properties for common material used on RCV-M 

 Components Yield 
strength 
(MPa) 

Hardness 
(Brinell) 

Source 

Alu. 7075 Upright, steering arm, steering 
rocker and minor mechanical 
components 

500 150 (MatWeb, 
LLC., 
2015) 

25CrMo4 Roll cage 900 210  
Hardox Sub frame tubes 1250 500 (SSAB 1, 

2015) 
Weldox Sub frame- & control arms 

mounts 
700 270 (SSAB 2, 

2015) 
Docol r8 Control arm tubes 690 Unknown (SSAB 3, 

2015) 
Regular 
machine steel 

Computer mounts, driver 
interface frame and minor 
mechanical components 

300-500 120-150 (Sundströ
m, 1999) 

Different 
aluminum 
alloys 

Minor components, mounts unspecified unspecified - 
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5 Results 
This chapter discusses how the assembled RCV-M compares against the requirements set up in 
the beginning of the project. The first part of the chapter compares obtained results with the 
requirements set up during the beginning of the section. The second part evaluates how the finished 
features of the car fulfills the requested improvements compared to the previous RCV. 
 
The assembled RCV- M, without fenders is shown in Figure 43.  
 

 
Figure 43. The assembled RCV-M 

A summary of obtained geometrical and dynamical aspects of the RCV-M is shown in Table 5. 
Some of the dynamical values acquired during vertical wheel travel could not be measured due to 
lack of equipment, instead theoretical measured values taken from the CAD-Model of RCV-M are 
presented. 
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Table 5. Comparison between RCV properties, requirement specifications on RCV-M and actual properties on RCV-M 

Parameter RCV, Result RCV-M, Requirement RCV-M, Result 

Wheel base  2.6 m 2,6 m 
Overall length  3.5 m 3.325 m 
Track width 1.5 m 1.5 m 1.55 m 
Tire outer diameter  28.5´´ 28,5´´ 
Maximum height 1.4 m 1.8 m 

 
1.785 m 

Ground clearance 100 mm Min. 150 mm 180 mm 
Passenger space  75x45x45´´ 75x45x45´´ 
Scrub radius 20 mm Max 20 mm 15 mm 
Max. track width gain 
during VWT 

100 mm Max. 100 mm Theoretically 55mm 

Max. camber width gain 
during VWT 

5° Max. 5° Theoretically 4.2° 

Max. bump steer  during 
VWT 

3° Max. 5° Theoretically 2° 

Rated output power from 
hub motor 

4 x 1.8 kW 4 x 5 kW 4 x 5 kW 

Vehicle top speed 50 km/h 70 km/h Unknown 
Battery voltage 48 V 72 V 72 V 
Battery energy amount 2.4 kWh 7 kWh 9,2 kWh 
Fully loaded weight 550 kg 700 – 1000 kg 982 kg 
Max. force on steering 
actuators 

800 N Min. 2000 N 1700 N 

Steering speed 51 mm/s Min. 50 mm/s 140 mm/s (theoretic) 
Feature RCV, Result RCV-M, Requirement RCV-M, Result 
Active camber control Yes No No 
Computer mounted to 
chassis 

No 2 x 8 unit , 19´´ wide 2 x 8 unit , 19´´ wide 

Manual hydraulic brakes Yes Yes Yes 
Autonomous hydraulic 
brake 

No Yes Yes 

Autonomous sensors No 8 LIDARs, 2 GPS 
antennas 

8 LIDARs, 2 GPS 
antennas 

Packing requirements No, specific 
requirements 

Batteries mounted 
inside sub frame 

Batteries mounted 
inside sub frame 

  Computers mounted on 
top of sub frame 

Computers mounted 
on top of sub frame 

  Electronic controllers 
mounted, easy 
accessible, next to sub 
frame 

Electronic controllers 
mounted, easy 
accessible, next to sub 
frame 
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The requirement for cabin space was achieved mainly by mounting most components inside or 
close to the wheel module. Packing on the RCV-M is shown in Figure 44 and the minimum 
required passenger space in Figure 45. 
 

 
Figure 44. RCM-M with final packing layout 

 

 
Figure 45. RCV-M with minimum required passenger space shown in white box 

 
  

Red: Autonomous computer system 
Blue: 72V Battery system 
Yellow: Driver interface 
Green: Autobox 
Black: Mechatronic component mount 
White: Seats 
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Steering angles 
Small deviations due to manufacturing in the mounting point of the steering system towards the 
sub frame resulted in variations in the steering angles between the wheels, and the wheel with the 
lowest steering angels was the determining one. The range was +/- 20 ° for the worst wheel corner 
and, after doing an Ackermann analysis, the steering angles were set, by changing the tie rod 
length, to 17° inwards and 23° outwards, resulting in a 5 m turning radius. An image of the steering 
angle on RCV-M is shown in Figure 46. 
 

 
Figure 46. Steering angle and turning radius for RCV-M 

 
Lag in steering system 
Regarding the loose play in the tie rod, which was one of the improvements being investigated in 
the project, it was successfully removed. But instead, a lag inside the steering motors was found, 
resulting in an approximately equal lag in the steering as before. 
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Track width 
As seen in Table 5 all values corresponded to the requirements except for the track width which 
was slightly of the required value. This was due to the fact that the brake disc and hub motor 
needed to be placed slightly farther from each other than expected, thus displacing the entire wheel 
outwards. 

 
Scrub radius 
The scrub radius had a requirement of a maximum 20 mm. The original generated geometry gave 
a scrub radius of 6 mm. However the displacement of the hub motor described in previous section 
meant that the actual scrub radius of the assembled vehicle was 15 mm, which still was below the 
maximum allowed scrub radius. 
 
Steering actuators 
The rotating actuators chosen where able to provide a rotating moment of 120 Nm, giving the 70 
mm length of the rocker these where only able to provide a maximum steering force of 1700 N 
compared to the 2000 N in the requirement specifications. However, the actuator together with 
improved alignment of the tie rod proved to give enough force to steer the wheels while driving, 
but not while standing still. This was not considered a major problem as the vehicle could be 
efficiently steered while moving.  
 
Top speed 
The theoretical top speed of the vehicle, based on the motors, is above the requested speed of 70 
km/h. Due to safety reasons, the top speed was limited to 40 km/h, sufficient for testing the 
autonomous functions.  
 
Brake failure 
A static brake test where full brake force and full throttle was applied at the same time was 
performed and the brakes proved to be capable of preventing the vehicle from moving. During the 
dynamic brake test where the car was driving in reverse and full brake was repeatedly applied the 
distances holding the brake disc in place on one of the motors broke. This is shown in Figure 47. 
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Figure 47. Image of the broken brake disc distances on the hub motor 

 
It was decided that, in order to be able to drive the car safely, all hub motors had to be upgraded 
with new, thicker distances. The old ones where milled of and new ones where lathed and welded 
onto the motors.  
 
Final weight  
When the project was finished the final weigh of the unloaded vehicle was 742 kg. Assuming an 
average weight of 80 kg for a passenger the fully loaded weight would be 982 kg which is within 
the desired interval. A full summarized list of weight is found in appendix 5. 
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6 DISCUSSION AND CONCLUSIONS 

In this chapter the process and results presented in the report are discussed in relation to the 
background and currently existing knowledge presented in the frame of references and the three 
questions formulated in the introduction. 

 Discussion 
During the beginning of the project three questions which the report strived to answer were 
formulated. These where: 
 

 “Is the RCV concept suitable when designing an autonomous passenger vehicle regarding 
higher loads?” 

 “Is the RCV concept suitable when designing an autonomous passenger vehicle regarding 
less available space?” 

 “What needs to be changed on the RCV system in order to realize an autonomous 
passenger vehicle?” 

 
The most challenging part of these to fulfil was the second question, regarding the large amount 
of space needed to fit all the autonomous system and components needed for autonomous drive. 
This proved to be even more difficult due to the fact that the size and mechanical interface of 
several components was not known when the design of their corresponding parts was made. This 
is also true for the first question regarding the load case, since the final weight was not known 
when designing and dimensioning custom parts and choosing standard components. This often 
meant that systems already designed had to be changed or adapted in order to fit a certain standard 
part or to increase the size of a component. The packing of the vehicle was also redone several 
times during the project, meaning the system layout had to be changed continually.  Apart from 
this the aspect of higher loads did not present a major problem but mainly meant that the hub- and 
steering motors had to be more powerful. However, if hub motors with higher rated effect than 5 
kW was to be implemented a water cooling system would have to be used. This would probably 
make a single motor placed in the middle between the wheels a more suitable solution. Since the 
project involved several areas of research fields project management and communication was 
extremely important since these fields often interacted with each other and had to be carried out in 
a certain order.  
 
When the project was started the goal was to keep as much of the original design of the RCV as 
possible but the changes in required space and increased loads meant that almost all components 
except for the upright and spiders had to be changed. However the main concept on an overall 
system level remains the same even though individual sub systems have been changed. The largest 
of these changes was probably the implementation of rotating steering actuators instead of linear 
ones which caused a large conceptual design change on both the steering system and suspension 
in general. 
 
The testing carried out was considered good enough to test and develop the basic autonomous 
functions of the car during low speeds. In order to safely do high speed autonomous development 
further testing where a higher load is applied on the vehicle during a long time durability test is 
required.  
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 Conclusions 
The purpose of the report was mainly to evaluate if the RCV concept was suitable for a prototype 
vehicle to develop autonomous control for a car. Most of the results acquired indicate that this is 
the case and the prototype built is able to fully operate at low speeds. However the fact that there 
are juridical limitations prohibiting licensed vehicle to implement steer by wire prevents the 
concept to be implemented on a commercial vehicle today. 
 
The bi-directionality and quadrant design of the vehicle mean both that the design process and 
manufacturing was highly simplified since only one quadrant of the car had to be made and then 
could be mirrored on the other half of the vehicle. However this is only a feasible solution for 
autonomous vehicles since a regular car needs a defined front and rear in order to be handled by a 
driver efficiently. The four wheel steering also meant that the RCV-M became quite agile 
compared to commercial cars found today. The steering angle can be slightly increased by making 
small adjustments to the rocker and upright. However, if the angle between the tie rod and rocker 
as well as the angle between the tie rod and steering arms becomes too small when the car is 
applying maximum steering the motors might be too weak to efficiently turn the wheel. 
 
The parallel manual and autonomous brake system proved to work quite well and is considered to 
be a suitable solution for an autonomous prototype. However the activation time should be 
evaluated to see that it corresponds to that of a human driver. If not, the brake actuator needs to be 
upgraded to a faster one. The brake test where the brake disc distances on one of the hub motors 
broke also indicates that the motors are off to poor quality and that these should be upgraded. 
 
The changes needed to be implemented on a conceptual level on the RCV where few and the same 
overall concept could be used for the autonomous prototype. However all sub systems had to be 
changed on detail level and even some conceptual changes had to be implemented on the steering 
system.  

To summarize the project the RCV concept is suitable to use on a prototype for autonomous 
development but legislations concerning the steer by wire technology implemented on road 
registered cars needs to be changed before a commercial product can be produced. It can be 
concluded that the changes needed to be implemented on the RCV were very few on conceptual 
level but very high on detail level. 
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7  FUTURE WORK 
In this chapter work regarding testing and further development of the RCV-M is presented. 
 
Even though the designed RCV-M proved to be suitable for testing the gap to design a commercial 
product is quite large and there are several improvements that can be made to the design.  
 
A heavier durability test will be performed on the RCV-M to study what forces the vehicle can be 
subject to before it actually breaks and which components that are limiting. Once this has been 
performed and if it can be established that there is no large risk of personal injury if a component 
should fail high speed tests can be performed. 
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9 Appendix 1: Budget 
Below is the bill off material for the part of the project carried out in Sweden presented in Swedish 
crowns and U.S. dollars. Parts designed in California are not presented in the bill of material since 
they were not included in the original budget. 

Component Qty. Price (Sek, ex. VAT) Price (USD, ex. VAT) 

Drive train and Mechatronic    

Hub motor, 5kW  4 54 739.88  SEK USD 7 663.58 

Hub motor controllers 4 20 285.71  SEK USD 2 840.00 

Silent Steering actuators 4 14 844.00  SEK USD 2 078.16 

Steering actuator controllers  4 17 560.00  SEK USD 2 458.40 

Import costs VAT  0 7 022.80  SEK USD 983.19 

Steering actuators Abs encoder 4 15 840.00 SEK USD 2 217.60 

Express production: Steering actuators Abs 
encoder 

 2 800.00 SEK USD 392.00 

Drivetrain ECU, D-Space 1 114 813.00 SEK USD 16 073.82 

    

Electronic accelerator pedal 1 1 310.00 SEK USD 183.40 

Custom Electro-hydraulic brake system    

  - actuator + sensor 1 3 091.00 SEK USD 432.74 

  -controllers  1 4 390.00 SEK USD 614.60 

 -brake pressure sensors  4 3 494.00 SEK USD 489.16 

Steering wheel, Harmonic drive Gear 1 13 400.00 SEK USD 1 876.00 

Steering wheel, Motor, Faulhaber 3863024CR 1 1 715.00 SEK USD 240.10 

Steering wheel Abs mag encoder 58mm, RS 
part no 7951201 

1 3 300.00 SEK USD 462.00 

Steering wheel "Sparco Sport" 1 1 200.00 SEK USD 168.00 

Steering interface controller EPOS2 70V/10A 1 4 390.00 SEK USD 614.60 

    

CAN-debig tool 1 2 557.00 SEK USD 290 

div Components 25 5 783.00 SEK USD 809.62 

Cables  5 499.50 SEK USD 769.93 

Cables and contacts 50 4 906.60 SEK USD 686.92 

    

Auxiliary battery 24V/10Ah LFP 1 3 374.00 SEK USD 472.36 

Aux battery 24V/10Ah LFP 2 5 307.10 SEK USD 727.00 

Drive Battery system 76,8V 60Ah 2 49 464.80 SEK USD 6 776.00 

additional Relays, plates, EMS-units 4 9 687.10 SEK USD 1 327.00 

Sum Electronics and Mechatronics:   370 774.49 SEK USD 51 908.43 

       

JJs Mechanical systems      

Lasercut weldox                8 000.00 SEK  USD 1 120.00 



ii 
 

A-arms docol tubes                1 882.00 SEK  USD 263.48 

Sub frame Hardox tubes              11 824.00 SEK  USD 1 655.36 

Control arms Laser-cut Weldox 8              2 451.00 SEK  USD 343.14 

Sub frame & A-arms welding RCV 9            56 000.00 SEK  USD 7 840.00 

Paintjob sub frames                4 500.00 SEK  USD 630.00 

Paintjob Mounts                 6 500.00 SEK  USD 910.00 

Spiders 8              3 160.00 SEK  USD 442.40 

Upright mount 4              2 668.00 SEK  USD 373.52 

Attachment cylinders 20              1 340.00 SEK  USD 187.60 

Control arm mounts 16              1 584.00 SEK  USD 221.76 

Uprights 4            20 000.00 SEK  USD 2 800.00 

Workshop cost at KTH/MMK,               52 000.00 SEK  USD 7 280.00 

Prod of custom steering arms 4              8 000.00 SEK  USD 1 120.00 

Actuator Mount 2              2 000.00 SEK  USD 280.00 

Actuator mount mirror 2              2 250.00 SEK  USD 315.00 

Steering Rocker 4              6 556.00 SEK  USD 900 

Steering rod 4              5 348.00 SEK  USD 748.72 

Bottom plate attachments 29              3 090.00 SEK  USD 432.60 

Steering interface parts 11              4 765.00 SEK  USD 667.10 

Electro Hydraulic brake pedal 6              6 750.00 SEK  USD 945.00 

Steering wheel motor mount 1              2 941.00 SEK  USD 350 

Encoder + Driver interface + Throttle mounts 16              2 156.00 SEK  USD 301.84 

Steering wheel arm 1              2 390.00 SEK  USD 334.60 

Laser cutting driver interface parts 12              2 925.00 SEK  USD 409.50 

computer rack mount 4             4 788.00 SEK  USD 670.32 

custom brake nut 6             1 674.00 SEK  USD 234.36 

actuator mount 1             2 693.00 SEK  USD 377.02 

brake rocker 1             2 941.00 SEK  USD 411.74 

Lasercut Seat & Computer mount parts             15 521.00 SEK  USD 2 172.94 

Welding cost, Seat & Computer mounts                7 163.00 SEK  USD 1 002.82 

Special drills & tools                4 860.00 SEK  USD 680.40 

Machining cost Rims            10 750.00 SEK  USD 1 505.00 

Sum Custom parts Suspension:          194 036 SEK  USD 27 165 

       

Standard mech. parts      

Shocks, Öhlins (ILX 3410 TTX 36IL) 4     26 280.00 SEK  USD 3 679.20 

springs Öhlins 4       2 324.00 SEK  USD 325.36 

Brake system (4 discs,4 calipers, split-device, 
hose) 

14     16 309.00 SEK  USD 2 283.26 
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Master Cylinder 625 OBPCB002 4       1 000.00 SEK  USD 140.00 

Wilwood brake pedal,  WIL-340-12509 2       2 360.00 SEK  USD 330.40 

Rod-end for Tie-rods Aurora 4pcs HXAM-4T 
+ 4pcs HXAB-4T 

8       2 200.00 SEK  USD 308.00 

Hub Motor Clamping Rings  4       1 115.00 SEK  USD 156.10 

Control Arm Bushings 16       2 748.00 SEK  USD 384.72 

      

Thread tap 3/8" UNF LH 1          288.00 SEK  USD 40.32 

Screws, nuts, washer 0       1 900.00 SEK  USD 266.00 

Shoulder bolts 40       2 445.00 SEK  USD 342.30 

Bushings 87       1 489.00 SEK  USD 208.46 

Bushings 25          638.00 SEK  USD 89.32 

O-ring 8.5x2 EPDM70 100                  880.00 SEK  USD 123.20 

O-ring 9x1.5 EPDM70 100                  459.00 SEK  USD 64.26 

Shoulder bolts 50              1 400.00 SEK  USD 196.00 

        

Sum Mech. & Brake components:       69 688.00 SEK  USD 9 756.32 

        

Structural parts       

CF Bottom plate, material costs (Carbon Fiber) 1            27 885.00 SEK  USD 3 903.90 

CF Bottom plate, material costs (31m2 Carbon 
Fiber) 

1              8 561.00 SEK  USD 1 198.54 

CF Bottom plate, material costs (60kg Vinyl 
ester DION 9102) 

1              3 893.00 SEK  USD 545.02 

CF Bottom plate, material costs (add 40kg 
Vinyl ester) 

1              4 107.00 SEK  USD 574.98 

CF Bottom plate, material costs (Foam) 1              5 000.00 SEK  USD 700.00 

Structural Glue "Sikaflex"                    715.00 SEK  USD 100.10 

Epoxy glue 3M DP410  2              1 069.00 SEK  USD 149.66 

Alucon connection elements (skenor)                3 864.00 SEK  USD 540.96 

Sum Structural parts:       55 094.00 SEK  USD 7 713.16 

    

Misc.    

Rims 4            26 390.00 SEK  USD 3 694.60 

Roll cage 1            29 200.00 SEK  USD 4 088.00 

Summa Coupe and Misc.:       55 590.00  SEK USD 7 782.60 

    

SUMSUM  828 393 SEK USD 96 324 

SUMSUM +25%           1 035 491 SEK USD 120 406 



iv 
 

Appendix 2: GANNT  
In this appendix a simplified GANNT scheme of the project is shown. 
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Appendix 3: Part list 
Below is a summary of sub system and components on the RCV-M. Complete sub systems are listen under 
the 1st level and divided into smaller components within the 2nd and 3rd level. 

1st Level  Qty.  2nd level  Qty.  3rd level Qty.  Total 

1.1 
Structural 

2  1.1.1‐C Bottomtube  2        4 

   1.1.2‐C Horizontal side 
tube 

4    8 

   1.1.3‐C Horizontal side 
top tube 

2    4 

   1.1.4‐C Vertical side 
tube 

4    8 

   1.1.5‐C Diagonal tube  6    12 

   1.1.6‐C Top tube  2    4 

   1.1.7‐C Diagonal middle 
tube 

4    8 

   1.1.8‐C Center tube  1    2 

        

1.2 Mounts  2  1.2.1‐C Control arm 
mount 

16    32 

   1.2.2‐C Shock mount  4    8 

   1.2.3‐C Rocker mount  4    8 

   1.2.4‐C Motor driver 
mount 

2    4 

   1.2.5‐C Battery mount  2    4 

   1.2.6‐C Attachment 
cylinder 

10    20 

        

1.3 Bumper  2  1.3.1‐C Bumper 
attachment 

2    4 

   1.3.2‐S Bumber alu rail  1    2 

        

       

       

       

       

2.1 Lower 
Control Arm 

4  2.1.1 LCA assembly  1  2.1.1.1‐C LCA 
front mount 

2  8 

     2.1.1.2‐C LCA 
subframe mount 

2  8 
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     2.1.1.3‐C LCA 
diagonal tube 

2  8 

     2.1.1.4‐C LCA 
Center tube 

1  4 

     2.1.1.5‐C LCA 
shock mount 

2  8 

        

  2.1.2‐S Iglidur J350 
12x12 Bushing 

4    16 

   2.1.3‐S Shoulder bolt 
d10 m8 45 

2    8 

   2.1.4‐S Shoulder bolt 
d12 m10 50 

2    8 

   2.1.5‐S Powerflex PF99‐
111 Bushing 

2    8 

   2.1.6‐S Öhlins ILX3402 
Dampener  

1    4 

   2.1.7‐S  Öhlins 21067‐
12 Spring 

1    4 

        

2.2 Upper 
Control Arm 

4  2.2.1  UCA assembly  2  2.2.1.1‐C UCA 
front mount 

2  16 

     2.2.1.2‐C UCA 
subframe mount 

2  16 

     2.2.1.3‐C UCA 
diagonal tube 

2  16 

     2.2.1.4‐C UCA 
Center tube 

1  8 

        

  2.2.2‐S Iglidur J350 
12x12 Bushing 

4    16 

   2.2.3‐S Shoulder bolt 
d10 m8 50 

2    8 

   2.2.4‐S Shoulder bolt 
d12 m10 35 

2    8 

   2.2.5‐S Powerflex PF99‐
111 Bushing 

2    8 

        

       

3.1 Upright 
assembly 

2  3.1.1‐C Upright  1        2 

   3.1.2‐C Spider  2    4 

   3.1.3‐C Steering arm  1    2 
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   3.1.4‐C Clamping tube  1    2 

   3.1.5‐C Upright mount  2    4 

   3.1.6‐S Passbult 
d12m10 35 

2    4 

   3.1.7‐S 172_356039 
Mekanex clamping ring 

1    2 

   3.1.8‐S Iglidur J350 
12x12 Bushing 

4    8 

        

3.2 Upright 
assembly 
mirror 

2  3.2.1‐C Upright mirror  1    2 

   3.2.2‐C Spider  2    4 

   3.2.3‐C Steering arm 
mirror 

1    2 

   3.2.4‐C Clamping tube  1    2 

   3.2.5‐C Upright mount  2    4 

   3.2.6‐S Passbult 
d12m10 35 

2    4 

   3.2.7‐S 172_356039 
Mekanex clamping ring 

1    2 

   3.2.8‐S Iglidur J350 
12x12 Bushing 

4    8 

        

3.3 Wheel 
assembly 

2  3.2.1‐S Rimcenter  1    2 

   3.2.2‐S Rim  1    2 

   3.2.3‐S Tyre  1    2 

   3.2.4‐S Rim nut  4    8 

   3.2.5‐S Hubmotor 
Electro mobile 

1    2 

        

3.4 Wheel 
assembly 
mirror 

2  3.3.1‐S Rimcenter  1    2 

   3.3.2‐S Rim  1    2 

   3.3.3‐S Tyre mirror  1    2 

   3.3.4‐S Rim nut  4    8 

   3.3.5‐S Hubmotor 
Electro mobile 

1    2 
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4.1 Steering 
system 

2  4.1.1 Lower steering 
system 

1  4.1.1.1‐C Rocker  1  2 

     4.1.1.2‐C Rocker 
Key 

1  2 

     4.1.1.3‐C Tierod  1  2 

     4.1.1.4‐S Iglidur 
J350 14x10 
bushing 

3  6 

     4.1.1.5‐S HXAM‐
4T Aurora Rod 
End 

2  4 

     4.1.1.5‐S HXAB‐4T 
Aurora Rod End 

2  4 

        

  4.1.2 Upper steering 
system 

1  4.1.2.1‐C Rotating 
rod 

1  2 

     4.1.2.2‐C 
Actuator mount 

1  2 

     4.1.2.3‐C Steering 
encoder mount 

1  2 

     4.1.2.4‐C Encoder 
axle connection 

1  2 

     4.1.2.5‐S Set 
screws 

2  4 

     4.1.2.6‐S  Encoder 
WDGA 36A SSI 

1  2 

     4.1.2.9‐S Doga 
wormgear motor 
24V 20RPM 

1  2 

        

4.2 Steering 
system 
mirror 

2  4.2.1 Lower steering 
system mirror 

1  4.2.1.1‐C Rocker  1  2 

     4.2.1.2‐C Rocker 
Key 

1  2 

     4.2.1.3‐C Tierod  1  2 

     4.2.1.4‐S Iglidur 
J350 14x10 
bushing 

3  6 

     4.2.1.5‐S HXAM‐
4T Aurora Rod 
End 

2  4 



ix 
 

     4.2.1.5‐S HXAB‐4T 
Aurora Rod End 

2  4 

        

  4.2.2 Upper steering 
system mirror 

1  4.2.2.1‐C Rotating 
rod 

1  2 

     4.2.2.2‐C 
Actuator mount 
mirror 

1  2 

     4.2.2.3‐C Steering 
encoder mount 

1  2 

     4.2.2.4‐C Encoder 
axle connection 

1  2 

     4.2.2.5‐S Set 
screws 

2  4 

     4.2.2.6‐S  Encoder 
WDGA 36A SSI 

1  2 

     4.2.2.9‐S Doga 
wormgear motor  

   

       

       

5.1 
Computer 
mount rack 

2  5.1.1‐C Computer rack 
mount 

2        4 

   5.1.2‐C Collateral 
bottom computer tube 

2    4 

   5.1.3‐C Orthogonal 
bottom computer tube 

2    4 

   5.1.4‐C Diagonal front 
computer tube 

2    4 

   5.1.5‐C Orthogonal rail 
computer tube 

3    6 

   5.1.6‐C Front computer 
tube 

2    4 

   5.1.7‐C Rear computer 
tube 

2    4 

   5.1.8‐C Collateral top 
computer tube 

2    4 

   5.1.9‐S RF0820 Starcase 
proffessional rack 

1    2 

        

       

6.1 Manual 
brake system 

1  6.1.1‐C Brake pedal 
horizontal mount 

2        2 



x 
 

   6.1.2‐C Brake pedal 
vertical mount 

2    2 

   6.1.3‐S Willwood swing 
brake pedal 

1    1 

   6.1.4‐S OBP 0.625 
brake cylinder 

2    2 

        

6.2 Elektro 
hydraulik 
brake system 

1  6.2.1‐C Brake pedal 
horizontal mount 

2    2 

   6.2.2‐C Brake pedal 
vertical mount 

2    2 

   6.2.3‐C Electro 
hydraulic brake rocker 

1    1 

   6.2.4‐C Electro 
hydraulic brake 
actuator mount 

1    1 

   6.2.5‐C Electro 
hydraulik brake custom 
nut 

4    4 

   6.2.6‐S Willwood swing 
brake pedal 

1    1 

   6.2.7‐S OBP 0.625 
brake cylinder 

2    2 

   6.2.8‐S Linearmech R01 
RL2 C50 RF FC2 

1    1 

   6.2.9‐S Shoulder bolt 
D8x35 

1    1 

        

6.3 
Standardized 
brake system 

1  6.3.1‐C Custom brake 
disc 280mm 

4    4 

   6.3.2‐S Fitting for M‐
cylinder 

4    4 

   6.3.3‐S Two‐way valve  2    2 

   6.3.4‐S Banjo bolt UNF 
3/8´´x24 

4    4 

   6.3.5‐S Banjo D10 
straight 

16    16 

   6.3.6‐S Banjo bolt 
M10x1.25 

16    16 

   6.3.7‐S T‐piece 
M10x.25 

2    2 
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   6.3.8‐S Pad for 22‐02  4    4 

   6.3.9‐S 2‐piston caliper 
22‐027‐OA 

2    2 

   6.3.10‐S 2‐piston 
caliper 22‐027‐OB 

2    2 

   6.3.11‐S Hydraulic oil 
tube brake system 

1    1 

   6.3.12‐S Hydraulic oil 
tube Reservoir system 

2    2 

   6.3.13‐S Hydraulic oil 
reservoir 

2    2 

        

       

7.1 ‐C  
Bottomplate 

1              1 

        

7.2 Rails  1  7.2.2‐S Attachement 
rail 

4    4 

        

       

8.1 Steering 
wheel 
assembly 

1  8.1.1 ‐C Steering wheel 
attachment 

2        2 

   8.1.2‐C Steering wheel 
arm 

1    1 

   8.1.3‐C Steering wheel 
mounting plate 

1    1 

   8.1.4‐C Steering wheel 
motor mount 

1    1 

   8.1.5‐C Steering wheel 
encoder connector 

1    1 

   8.1.6‐C Steering wheel 
encoder distance 

2    2 

   8.1.7‐C Motor‐Drive 
connection 

1    1 

   8.1.8‐S Steering Wheel 
OMP Rally 

1    1 

   8.1.9‐S Harmonic drive 
HFUC‐17‐09 

1    1 

   8.1.10‐S Encoder 6002‐
RS 

1    1 

   8.1.11‐S Motor 3863 
HO24‐CR frauheiber 

1    1 
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   8.1.12‐S Shoulder bolt 
D10x60 

4    4 

        

8.2 
Dashboard 
assembly 

1  8.2.1‐C Dashboard 
attachment 

1    1 

   8.2.2‐C Dashboard  1    1 

        

       

9.1 Seat  3  9.1.1 Seat frame  1  9.1.1.1‐C 
Collateral bottom 
seat tube 

2  6 

     9.1.1.2‐C 
Orthogonal 
bottom seat tube 

2  6 

     9.1.1.3‐C Vertical 
rear seat tube 

2  6 

     9.1.1.4‐C 
Diagonal lower 
seat tube 

2  6 

     9.1.1.5‐C 
Diagonal upper 
seat tube 

2  6 

     9.1.1.6‐C 
Collateral top 
seat tube 

2  6 

     9.1.1.7‐C 
Orthogonal top 
seat tube 

1  3 

        

  Custom bracket kit 
COB‐0110 

1    3 

   Seat Cobra clubman 
COB‐1000 

1    3 

   Seatbelt Takata 71000‐
H2 

1    3 

        

9.2 Driver 
interface 
frame 

1  9.2.1‐C Collateral 
bottom interface long 
tube 

1    1 

   9.2.2‐C Collateral 
bottom interfaceshort 
tube 

1    1 
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   9.2.3‐C Orthogonal 
bottom interface tube 

2    2 

   9.2.4‐C Left diagonal 
interface tube 

1    1 

   9.2.5‐C Right diagonal 
interface tube 

1    1 

   9.2.6‐C Orthogonal 
front interface tube 

3    3 

   9.2.7‐C Vertical right 
interface tube 

1    1 

   9.2.8‐C Vertical middle 
interface tube 

1    1 

   9.2.9‐C Vertical left 
interface tube 

1    1 

   9.2.10‐C Interface 
bottom attachment 

6    6 

   9.2.11‐C Orthogonal 
top interface tube 

1    1 

        

9.4 Throttle 
pedal 

1  9.4.1‐C Throttle pedal 
mount 

1    1 

   9.4.2‐S Throttle pedal 
LXDQ 

1    1 

        

       

10.1 Outer 
frame 

1  10.1.1‐C Main tube  4        4 

   10.1.2‐C Vertical tube  2    2 

   10.1.3‐C Horizontal 
edge tube 

2    2 

   10.1.4‐C Upper front 
seatbelt tube 

1    1 

   10.1.5‐C Upper seat 
belt tube 

1    1 

   10.1.6‐C Bottom tube  2    2 

   10.1.7‐C Bottomplate 
connection 

8    8 

   10.1.8‐C Side tube  4    4 

   10.1.9‐C Lower seatbelt 
tube 

1    1 

   10.1.10‐C Lower front 
seatbelt tube 

1    1 

   10.1.11‐C Fender  2    2 



xiv 
 

 
  

   10.1.12‐C Fender 
mirror 

2    2 

   10.1.13‐C Rollcage 
stabilizer 

2    1 

        

10.2 Interior 
frame 

1  10.2.1‐C  Seat tube  1    1 

   10.2.2‐C Laptop mount  1    1 

   10.2.3‐C Bent seat tube  1    1 

   10.2.4‐C Seatbelt 
attachment 

12    12 

   10.2.5‐C Diagonal seat 
tube 

1    1 

   10.2.6‐C Horizontal 
edge middle tube 

1    1 

   10.2.7‐C Diagonal 
support tube 

2    2 

   10.2.8‐C Diagonal roof 
tube 

4    4 

        

11.1 
Subframe 
electronics 

2  11.1.1‐C Electronics box  1        2 

   11.1.2‐S Kollmorgen 
motor drives 

2    4 

   11.1.3‐ Epos actuator 
drives 

2    4 

        

       

       

       

11.2 Autobox 
components 

1  11.2.1‐C Autobox 
mount 

1    1 

   11.2.2‐S Autobox  1    1 

        

       

       

       

    Number of individual 
parts: 

 184 

     Total number of parts:  748 
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Appendix 4: ANSYS 
The following section shows illustrates results from the ANSYS analysis in alphabetical order of 
relating subsystem system. Some parts were modified, where geometrical features representing 
bolts were added to the model.  
Car Interior 
Brake pedal mount- Total deformation 

 
 
Brake pedal mount- Equivalent (Von-Mises) stress 
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Brake pedal mount first principal stress 

 
 
Steering wheel arm- Total deformation 

 
 
Steering wheel arm- Equivalent (von-Mises) stress 
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Steering wheel arm- Maximum principal stress 

 
 
 
Control arms 
 
LCA- Total deformation 

 
 
LCA- Equivalent (von-Mises) stress 
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LCA- Maximum principal stress 

 
 
UCA- Total deformation 

 
 
UCA- Equivalent (von-Mises) stress 
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UCA- Maximum principal stress 

 
 
Electro hydraulic brake system 
 
Brake rocker- Total deformation 

 
Brake rocker- Equivalent (von-Mises) stress 
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Brake rocker- Maximum principal stress 

 
Electro hydraulic brake actuator mount- Total deformation 

 
 
Electro hydraulic brake actuator mount- Equivalent (von-Mises) stress 
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Electro hydraulic brake actuator mount- Maximum principal stress 

 
 
Steering components 
Steering actuator mount- Total deformation 

 
 
Steering actuator mount- Equivalent (von-Mises) stress 
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Steering actuator mount- Maximum principal stress  

 
 
Steering rocker- Total deformation  

 
 
Steering rocker- Equivalent (von-Mises) stress 
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Steering rocker- Maximum principal stress  

 
 
Rotating rod- Total deformation  

 
Rotating rod- Equivalent (von-Mises) stress 
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Rotating rod- Maximum principal stress  

 
 
Steering arm- Total deformation  

 
Steering arm- Equivalent (von-Mises) stress 
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Steering arm- Maximum principal stress  

 
Subframe 
Sub frame assembly- Equivalent (von-Mises) stress 

 
 
Sub frame assembly- Maximum principal stress  
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Wheel attachment 
Upright- Total deformation 

 
 
Upright- Equivalent (von-Mises) stress 

 
 
Upright- Maximum principal stress 
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Upright mount- Total deformation 

 
 
Upright mount- Equivalent (von-Mises) stress 

 
 
Upright mount- Maximum principal stress 
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Appendix 5: Component weight 
Here the weights for components on the RCV- M are presented in TABELL. Not all components 
where weighted but are presented with an estimated weight instead.  

 

Name  Weight (kg)  Amount  Sum weight (kg) 

Motor, brake disc  23  4  92 

Doga, encoder, doga mount, 
encoder mount 

5,6  4  22,4 

Öhlins dampener and spring  3  4  12 

Wheel module without batteries  27  2  54 

Manual brake asm.  3  1  3 

Electro hydraulic brake asm.  3  1  3 

Steering interface asm.  4,2  1  4,2 

Tire, inner‐, + outer rim  12  4  48 

Brake caliper  0,7  4  2,8 

Batteries  10.65  12  127,8 

Upright asm., clamping ring  4,5  4  18 

   Sum   387,2 
     

Name  Estimated weight 
(kg) 

Amount  Sum weight (kg) 

Bottom plate  45  1  45 

Seat  12  3  36 

Roll cage  70  1  70 

Electronic mount asm.  15  2  30 

Computers  6.25  16  100 

Cables  20  1  20 

Other components  50  1  50 

   Sum (kg)  351 
     

Passenger  80  3  240 

     

  Unsprung mass/wheel 
(kg) 

46 

  Sum unloaded (kg)  738,2 

   Sum with 3 passengers 
(kg) 

978,2 


