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Abstract 
The purpose of this thesis work was to analyze and optimize the performance of 
vehicle dynamics and the forces acting on chassis and suspension on a Bentley 
racecar replica with the chassis and suspension constructed by Robert Ajdén. From 
a 3D CAD model of the car, coordinates was imported and a representative model 
in ADAMS/Car was built. The car was tested in different types of simulations, both 
static and dynamic for the front and rear suspension individually and dynamic full 
vehicle simulations when the car corners in high lateral acceleration, braking test 
and hitting a road obstacle. 
 
The results for the front and rear suspension static analyzes were validated by hand 
calculations based on the 3D CAD model to ensure a correct simulation and 
ADAMS model construction. With the evaluated results from the original car in 
mind, a new model was developed within the modification limitations set by the 
car manufacturer. The results for the modified racecar was ability to manage higher 
lateral acceleration when cornering, minimized bumpsteer effect and decreased 
amount of force acting on the suspension parts. On the modified racecar a Design 
of Experiment, DOE test were performed to analyze how the adjustable parameters 
of the car influences the behavior when cornering. Coordinates from the modified 
version of the front and rear suspension and the results from the DOE test was 
exported to the manufacturer of the car. 
 

 
 



Sammanfattning 
Syftet med examensarbetet är att analysera och optimera den dynamiska prestandan 
och krafter som verkar på chassiet och hjulupphängningen på en kopia av en 
Bentley banracingbil med chassi och hjulupphängning konstruerat av Robert 
Ajdén. Från en 3D CAD modell av bilen togs koordinater ut och en representativ 
modell av bilen gjordes i programmet ADAMS/Car. Bilmodellen testades i olika 
typer av simuleringar, både statiska och dynamiska på främre och bakre 
hjulupphängningen individuellt samt dynamiska helbils simuleringar i kurvtagning 
med hög sidokraft, bromtest och föremål på vägen test.  
  
Resultaten från de statiska simuleringarna på främre och bakre hjulupphängningen 
validerades med handräkningar baserade på 3D CAD modellen för att säkerställa 
korrekt simulerings resultat och säkerställa korrekt konstruktion av ADAMS/Car 
modellen. Resultatet av dessa simuleringar utvärderades och en ny modell 
utvecklades inom begränsningarna satta av biltillverkaren. Resultatet av den 
modifierade bilen var ökad förmåga att hantera hög sidokraft vid kurvtagning, 
minimerad styrpåverkan orsakad av fjädringsrörelse samt förbättring i krafterna som 
påverkar hjulupphängningen och chassiet. På den modifierade bilen utfördes ett 
Design of Experiments, DOE test för att utvärdera effekterna på prestandan av 
bilens justerbara hjulupphängningsparametrar.  Koordinaterna från den modifierade 
bilen och resultatet av DOE testet exporterades till tillverkaren av bilen. 
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1 Introduction 

1.1 Background 

The authors of this thesis work are two students studying Bachelor Science in 
Innovative Technology and Entrepreneurship with major subject Automotive System 
Technology. A fellow classmate Robert Ajdén had an interesting idea for his thesis 
work, to construct and build a racecar. Because of the time limit for this thesis work we 
offered to help him to analyze the construction of the suspension system by studying 
the dynamics of the car using ADAMS/Car software1. The car he is building is a 
replica of the Bentley EXP speed 8 Lemans car2 with own construction of the chassis 
and suspension system. The purpose of the car is to be used on racetracks and will be 
built within Swedish safety regulations. 

                                           

1.2 Purpose 

The purpose of our thesis work was to determine the static and dynamics parameters of 
the chassis and suspension system and analyze the dynamics of the car when driving on 
a racetrack. Simulation results, optimization of the suspension parameters and design is 
going to be performed before he builds the car to prevent redesign. The simulation will 
also provide us with data of forces joints and mounts which the car maker will be using 
to design the suspension parts rigid enough without adding unnecessary weight to the 
car. The goals are to optimize the dynamic performance with suspension design within 
the limitations of time, equipment and data from car maker. 
 
This thesis work will give us insight in the vehicle dynamics of a car and knowledge in 
how to construct a suspension system to obtain best dynamic performance. We will 
learn to use the dynamic simulation program ADAMS/Car and the design of 
experiment program ADAMS/Insight. 

 
1 http://www. mscsoftware.com/products/adams.cfm 
2 http://www.rrab.com/exp8.htm 

 6 
 

 

http://www
http://www.rrab.com/exp8.htm


 

2 The future racecar to analyze 
The racecar that has been analyzed in this thesis work is a car constructed by Robert 
Ajdén. He is the car owner and manufacturer. The car is built with only racing in mind 
and is not supposed to be driven on public roads. The chassis is designed by him and 
uses a suspension with double control arms and push/pull rod type of suspension and it 
is built according to the racing regulations of SLC GT3 and the Swedish automotive 
racing alliance SBFs safety regulations4. The dimension of the chassis is built to fit a 
Bentley EXP Speed 8 body. Table 1 shows technical specifications of the car. Pictures 
of the racecar are shown in appendix A1. 
 

Table 1. Technical specifications of the racecar. 
Racecar data 
Length Approx. 4.65 m 
Width 2.0 m 
Wheelbase 2.73 m 
Weight Approx. 850 kg  
Height Approx. 1.1 m 
Body A replica of Bentley EXP Speed 8 
Engine 
Engine Audi 90° V8  
Engine location Mid Engine, longitudinal 
Displacement 3.6 liter  
Valvetrain 32 valves, 4/cylinder, DOHC 
Aspiration Twin turbo 
HP Approx 500 hp 
Torque Approx 600 nm 
Drivetrain 
Gearbox Modified Audi quattro 5-speed 
Drive Rear wheel drive 

 

                                            
3 http://www.slc.se/offdoc/regler/SLC_teknik_kl4.pdf 
4 http://web.sbf.se/regler/up/4/TR_Regler.pdf 

 7 
 

 

http://www.slc.se/offdoc/regler/SLC_teknik_kl4.pdf
http://web.sbf.se/regler/up/4/TR_Regler.pdf


 

3 Theory  
This chapter will present the theory about the simulation software ADAMS and vehicle 
dynamics. The ADAMS theory chapter describes the ADAMS software approach to 
solve dynamic multi body equations and the vehicle dynamics chapters describe theory 
used for this report. 
 
Suspension geometry theory is gathered from (Gillespie 1992) and ADAMS/Car 
modeling theory is gathered from (Blundell & Harty 2004). 
 
The suspension type on the car is SLA suspension with push/pull rod both in front and 
rear. SLA suspension means Short-long arm suspension and it is the most common 
suspension type in racing cars but also used on production cars. The suspension system 
on the car is of passive type and therefore a compromise between all variables that 
affects performance.   

3.1 ADAMS theory 

From the car model ADAMS generates equations to represent the model in a 
simulation. To solve these equations ADAMS uses a method described as a predictor-
corrector approach. With this method the solution of the next time step separates in 
two phases. The first phase, the predictor is the use of a polynomial fit through past 
values of a given equation to predict a value at the next integration time step, which is 
the solution point. These have to correspond with the equation of motions.  
 
The second phase, the corrector is to use the Newton-Raphson method that solves all 
the equations of motion until it achieves convergence. If the solution is not achieved, if 
it is outside the margins of the predictor, it uses a smaller time step and tries again. 
(Blundell & Harty 2004, p122) 

3.2 Roll center 

The roll center is the point in the transverse vertical plane through any pair of wheel 
centers at which lateral forces may be applied to the sprung mass without producing 
suspension roll. And roll axis is the lines that joining the front and rear roll centers 
(Gillespie 1992, p406) Roll center is an important property that affects the behavior of 
both the sprung and unsprung masses, and directly influences cornering performance.  
Determination of roll center of a symmetrical SLA suspension is made as following 
Find the virtual reaction point of the suspension links. 
Find the line between tire-ground contact patch and virtual reaction point. 
The point where the line in (2.) crosses the centerline of the body is the roll center see 
figure 1. 
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Figure 1. Determination of roll center. 

 
The described procedure can be used to determine the roll center when body is in roll 
but then both sides must be analyzed because the suspension is no longer symmetrical. 
(Gillespie 1992, p264) 
 
The roll center moment arm in the front and rear is the length between roll center and 
center of gravity height for each axel. The length of the moment arm decides chassis 
roll when lateral force is applied. The suspension design should strive for the same 
length on front and rear moment arm to get an even chassis roll in the front and rear 
when lateral force is applied to the vehicle.  

3.3 Toe angle 

The static toe angle is the angle between the longitudinal axis in the vehicle and the 
line of intersection of the wheel plane and the road surface. The toe angle is toe-in 
when the forward portion of the wheel is turned towards the vehicle longitudinal axis 
and toe-out if turned away (Gillespie1992, p386). Toe angle affects the stability of the 
vehicle when cornering and driving straight on. 

3.4 Kingpin axis 

The steering axis or kingpin axis is not usually vertical. The kingpin inclination angle is 
the angle in front elevation between the steering axis and the vertical seen in figure 2 
with symbol α. Kingpin offset also called scrub radius is the horizontal offset at ground 
between the point where the steering axis intersects the ground and the center of tire 
contact (Gillespie1992, p385). This offset is usually necessary to obtain space for the 
brakes and upright. The scrub radius adds a sense of feeling the road in the steering 
wheel and it also reduces static steering efforts by creating a radius when the wheel is 
turned. 
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Figure 2. Kingpin axis location 

3.5 Caster angle 

Caster angle is the angle in side elevation between the steering axis and the vertical 
axis. It is considered positive when steering axis is inclined rearward and negative when 
steering axis is inclined forward. (Gillespie 1992, p385)  Caster angle affects the steering 
effort in the steering wheel and at the same time gives feedback to the car driver thru 
the steering wheel. Too much caster angle will give too much physical steering effort 
in the steering wheel and to little caster will not give enough feedback to the driver. 

3.6 Steering geometry error  

If the inner tierod link is placed either inboard or outboard of the ideal center point for 
the link, a steering action in jounce and rebound will occur this type of steering error is 
called bumpsteer. Bumpsteer occurs as a response of toe angle change caused by the 
design of the tie rod. 
 
For the ideal steering system the relay linkage is designed to get the arc of the steering 
arm during suspension deflection exactly to follow the arc of the steering arm during 
the same deflections (Gillespie 1992, p279). This is not always possible to achieve 
because of non linearity of the suspension and packing problems. 

3.7 Slip angle 

Slip angle α is the angle between the X-axis of the car and the direction of travel for 
the center of tire patch (Gillespie 1992, p290) see figure 3. Slip angle is generated when 
cornering in order to develop cornering force. When the car corners with natural steer 
the slip angle in the front and rear is the same, if the rear slip angle exceeds the front 
slip angle the vehicle is oversteering. If the front slip angle accedes the rear slip angle 
the car is understeering.  

 10 
 

 



 

 
Figure 3. Slip angle. 

 
The cornering force generated by slip angle builds up linearly for small angles and 
reaches maximum force calculated with equation 1.  At large slip angles the tire 
approaches the behavior of a locked wheel sliding meaning ≈100% slip with a lateral 
force calculated with equation 2 (Gillespie 1992, p350).  
 

zp FceLateralfor *max μ=     (1.) 

     

zsslip FceLateralfor **sin%100 μα=     (2.) 

    

3.8 Over and understeering 

An important turn response for a motor vehicle is over or understeering. It describes 
how the steer angle must be changed with the radius of the turn or the lateral 
acceleration. The over and understeer can be described with the understeer gradient K 
with the unit deg/G. Calculation of the understeer gradient δ can be made with the 
shorthand form in equation 1.   There are three possibilities for the understeer gradient, 
K=0 means natural steer meaning the slip angle is the same on front and rear tires. K>0 
means understeer and this will in a constant radius corner increase the steering angle 
linear to the lateral acceleration. K<0 represents oversteer and will in a constant radius 
corner decrease the steering angle linear to the lateral acceleration.  

 

yaK
R
L **3.57 +=δ      (1.) 

Where: 
L= Wheelbase 
R= Turn radius 
Kay= Understeer gradient deg / G 
Ay= Lateral acceleration 
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4 Method 
This chapter will describe the method used for the thesis work. The method chapter 
explains data collection, how ADAMS models were created and how the simulations 
were performed. The chapter also describes the method for optimization and validation 
of the results.    

4.1 Coordinates and data 

To create a model of the original suspension design in MSC software’s ADAMS/Car, 
the car makers 3D model have been used to obtain the necessary coordinates, the 3D 
model is created in UGS NX55. A reference coordinate system has been created in the 
3D model to make it possible to work with the design at only one side of the car. The 
coordinate system is orientated with the Y-axis in center of the car, see figure 4, which 
means that right and left side coordinates are the same except for the left side Y 
coordinate that is negative. This is the same notions as ADAMS/Car uses.  
 

 
Figure 4. Coordinate system orientation. 

 
MSC ADAMS/Car requires mass properties for all parts in the suspension system and 
total mass properties for the car. From the 3D models in NX5 mass and mass center 
location were obtained for all suspension parts. NX5 was also used to calculate moment 
                                            
5 http://www.plm.automation.siemens.com/en_us/products/nx/nx5/ 
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of inertia for these parts. Mass properties for the drivetrain were obtained from the 
manufactures datasheet. Total mass of the car has been approximated and data on 
spring, dampers and steering rack have been received from the carmaker.  

4.2 Building models 

4.2.1 Creating models in ADAMS/Car 
ADAMS/Car uses subsystems to build the 3D model of the car, which is based on 
templates. Examples of subsystems are steering, anti-roll bar and front suspension. The 
different subsystems are put together in an assembly, for these subsystems it is the front 
suspension assembly. The suspension assembly is a part of the full vehicle together with 
the rear suspension assembly, front and rear tires, body, brakes and the powertrain. 
 
A subsystem is based upon a coordinate system with markers, called hardpoints that the 
geometries built upon. Joints and mounts are based on geometries. Communicators are 
used to attach the subsystems to each other. 
 
All the models used for the simulation of this car are based on a standard template. The 
template has double control arms that have been modified with the correct dimensions 
and type of suspension system to correspond with the car. 

4.2.2 Front suspension  
The front suspension has double control arms with pushrod type of suspension. A 
template called double_wishbone.tpl was used to modify. All the coordinates was 
inserted from the CAD model and the suspensions was modified to a pushrod 
suspension. The pushrod is mounted at the lower part of the upright and the other side 
in the rocker that is rotating in the X-axis. Forces from the pushrod move the rocker 
that is vertically mounted and pressing down the coilover spring when the car hits a 
bump. The springs are adjusted to get the right height of the car by changing the 
preload. The car is in steady state when the lower control arms are horizontal. The 
dampers are adjustable in a wide range and a value that gave the car a proper behavior 
was used, this since the calculations of the damper coefficient needs advanced test 
equipment and the dampers could easily be adjusted on the real car.  

 
Figure 5. Front suspension template. 
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4.2.3 Rear suspension  
The rear suspension is of the same type as the front, but the coilover springs is mounted 
horizontal due to lack of space to mount them otherwise. This places them higher and 
moves the center of gravity for the car higher.  

 
Figure 6. Rear suspension template. 

4.2.4 Steering 
The steering was not modified much from the original ADAMS/Car steering template 
(rack_steering.tpl). The geometry and steering arm displacement relative to steering 
wheel rotation were adjusted because the steering arms were placed behind the front 
wheels on the template and ahead of them on this car. The steering wheel ratio was not 
adjusted because it was close to the ratio for the steering racket from an Austin Healy 
Sprite6 that will be used on the car. 

4.2.5 Anti-roll bar  
The anti-roll bar that is going to be used is not of the normal torsion spring type like 
the most standard cars have, this type of anti-roll bar uses steel springs that is bended 
instead of twisted. The car will use two of these springs to each pair of wheels. In front 
the rocker will push/drag the spring trough a rod when the car rolls. At the rear 
suspension it will be a different type of installation with the spring rotating at the 
middle of the car, looking like a propeller with the rod pushing it.  See figure A1.4 and 
A1.5. The springs are adjusted to the stiffness needed to get the proper car behavior. 

4.2.6 Powertrain 
The powertrain template, powertrain.tpl was of the same type that is going to be used 
on the car, with a middle mounted engine and rear wheel drive. It was adjusted to the 
weight of an Audi V8 with transmission.  

4.2.7 Brake system  
The original subsystem for the brakes (TR_Brake_System.sub) was used because at the 
time the brakes that would be used on the car were not decided. On the test that was 

                                            
6 http://www.carfolio.com/specifications/models/car/?car=55682 
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performed the brakes do not have a great affect on the car behavior except the 
contribution of mass to the unsprung mass.  

4.2.8 Tires 
The car is built to run on a racetrack with racing tires so they were set to racing tires 
with the dimension 275/40R17 and a vertical stiffness of 220N/mm.  

4.2.9 Body 
The standard body template, rigid_chassis.tpl was used, with center of gravity and 
weight adjusted to fit the car. The aerodynamics of the car was a variable that were 
difficult to consider, which is why a decision was made not to change the variables in 
the ADAMS/Car body template.  

4.2.10 Full vehicle assembly 
The full vehicle is an assembly of all the created subsystems. They were adjusted to 
resemble the car as much as possible with the information that was given. 

4.3 Simulation  

4.3.1 Test tracks 
Three test tracks are used, for the deceleration test, the constant radius test and the 3D 
obstacle test. The first track is a flat track with no obstacles and the surface is tarmac 
with a friction coefficient of 0.9 μ. The second track has the same specifications but is 
designed as a constant radius of 100 m. The third track also uses the tarmac surface with 
the friction coefficient of 0.9 μ. In the middle of the track there is an obstacle 
simulating a plank which is 25mm high and 200mm long and the width is the same as 
the road.   

4.3.2 Half vehicle simulation 
To investigate static parameters of the front and rear suspension they were individually 
simulated with no deflection in the suspension and steering angle at 0 deg. Static toe 
angle were set to 0.15 deg and static camber angle were set to -1.0 deg. The objectives 
for the test were static roll center locations in the front and rear, caster angle, kingpin 
inclination angle and scrub radius. 
 
A load case for the forces at 1 G lateral acceleration acting on the front and rear wheels 
was created with forces from the simulation described in chapter 4.3.3. The simulation 
was performed to investigate roll center translation in Z and Y-axis for the front and 
rear suspension at lateral acceleration. 
 
Steering errors was investigated with a simulation of the front half vehicle were focus 
was on toe angle change in 50mm bump and rebound for analyzing bumpsteer. Static 
toe angle was set to 0.15deg. 
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4.3.3 Dynamic full vehicle simulation  
Full vehicle simulation was performed on tracks described in 4.3.1 and was used to 
determine the vehicle dynamic performance of the original suspension and compare it 
to the modified version of the car.  
 
Forces in the suspension were analyzed on the deceleration track during a longitudinal 
deceleration of 1 G, with initial velocity set to 200 km/h. The brake action was set to 
closed loop type that held negative acceleration at 1 G until the car stopped. 1 G was 
tested because that is what the car maker has used as reference when he calculated the 
chassis of the car.  
 
The second test runs the car in a constant corner radius of 100 m with speeds 
corresponding to lateral acceleration of 0.1 to 1 G. This value was used because in 
higher accelerations the car starts to slip too much which affects the results in a negative 
way. 
 
To examine the vehicles tendency of over/understeer a test was performed with the 
constant radius method where over and understeer can be shown when the steering 
wheel angle is plotted vs. the lateral acceleration. (Gillespie 1992, p227) The constant 
radius track were used and simulated from 0.1 G to 1.5 G lateral acceleration. 
 
The plank test was the third test. This was done with a velocity of 100 km/h. Forces in 
the suspension and the behavior of the coilover spring and rocker are shown in this 
test. This is a worst case scenario test but it is necessary to determine the forces that 
could result from an impact of an obstacle on the road. 

4.3.4 ADAMS/Insight DOE analysis 
A DOE test, design of experiment was performed in ADAMS/Insight. The test was set 
up to do 512 simulations of the car doing the constant radius test, every run with a 
different setup of the factors to see which setup that gives an improvement in 
performance. The factors to investigate were camber angle, toe angle, front and rear 
anti-roll bar stiffness, spring and damper stiffness. The output was in tire slip for the 
front and rear wheels. The result was exported to a document that shows all input 
factors and the output response and which factor that has the most influence in the car 
performance when cornering with high lateral acceleration.  
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4.4 Optimization 

4.4.1 Modification limits 
For the optimization process the limits were not to change the racecars ride height, 
wheel base or track width. These limitations did not make it possible to changes the 
lower control arms. The rims and tire dimensions could not be changed as well as the 
upright in the front and rear which left us to modify the inner mounts of the upper 
control arm in the front and rear. There were no limitations to the steering geometry, 
rear tierod, pushrod and rocker mounting locations and design, however, the coilover 
spring to chassis mounting was fixed. 

4.4.2 Dynamic performance  
To optimize the dynamic performance, simulations of the original car were performed 
and compared to theory. The same simulations were then performed with the 
modifications and the results were compared to visualize the improvement in behavior. 

4.4.3 Forces 
During steering, the coilover spring is compressed and the opposite coilover spring 
decompressed. This type of unwanted roll-movement is compensated by the anti-roll 
bar. The problem was minimized when the mount for the pushrod in the upright was 
moved to a point in the rotating axis for the upright. 
 
A problem was discovered in the alignment of the pushrod-rocker-coilover. That 
resulted in forces that want to rotate the rocker in the Z-axis. By moving the pushrod-
rocker-coilover to a line in the X-axis the problem was minimized. See vehicle axis 
orientation in figure 4 and the rocker alignment in figure 7. 

 
Figure 7. Original rocker alignment to the left and modified alignment to the right. 
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The rocker decides the motion ratio between the coilover spring movement and chassis 
movement. By adjusting the geometry of the rocker, the motion ratio was changed for 
usage of the whole coilover spring range.  
 

4.5 Validation 

The results from the ADAMS/Car simulations in static mode are validated with 
calculations based on theory (Gillespie 1992). The calculated parameters were roll 
center location in front and rear, caster angle, camber angel and scrub radius. The 
change in dynamic behavior of the none-modified suspension and modified suspension 
were compared to theory. The improvement of forces acting on the suspension is 
compared between the original car and the modified. 
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5 Results 
This chapter will present the results for the performed simulations with explanations 
and comparison to the original car. 

5.1 Export of forces 

The results of force acting on the suspension from the brake, cornering and plank test 
were also exported in to an html document with all the diagrams to Robert Ajdén. He 
needed the forces in different joints and mounts to dimension the suspension parts to 
get the best rigidity and lowest weight.  

5.2 Optimization  

5. 2.1 Forces 
The result from the forces in steering test is shown in figure 8. The Y-axis represents 
the steering wheel torque and the X-axis represents the steering angle for the steering 
wheel. In this test the steering wheel was turned 540 deg starting at 0 deg. This shows 
that the steering wheel torque has decreased with 1800 N/mm which corresponds to 
60% less torque. This test was performed in a half vehicle simulation and the torque is 
not corresponding to the real car because of the friction for the tires against the ground 
and the weight of the car is not included.  

 
Figure 8. Steering wheel torque. 

 
Results for the adjustment of the rocker are visible in table 2 in a plank test, with forces 
for the original and modified version with the same wheel rate to get the results 
comparable. The forces should be concentrated in the Y and Z-axis. In the X-axis the 
forces has decreased with about 50%. Forces shown in the table is the maximum force 
obtained under the simulation and is specified in Newton.   
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Table 2. Rocker mount forces. 
Chassis Original Modified 
Rocker to body - rear Left [N] Right [N] Left [N] Right [N] 
X: 
Y: 
Z: 

-806 
-1896 
3714 

-653 
1925 
3897 

302 
-2216 
3377 

286 
2210 
3349 

 
Figure 9 shows the forces in the X-axis from the table above. The rear wheels hit the 
plank after about 0.8 seconds.  

 
Figure 9. Rocker mount force in x-axis. 

 
The geometry of the rear rocker adjustment shows in table 3 for the original and 
modified version of the car. The ratio has changed with 13% rear and by 4% in the 
front.  
 

Table 3. Motion ratios. 
Chassis Original coilover spring Modified coilover spring 
Part  Front Rear Front Rear 
Average motion ratio 0.72 0.61 0.75 0.70 

5.2.2 Dynamic performance - half vehicle 
The half vehicle simulation results on the original car and the modified car is shown in 
table 4. Static roll center location front is lowered on the modified car with 43.1 mm 
and static rear roll center is raised 1.1 mm. This result in a roll axis with positive slope 
which gives a more even chassis roll instead of a roll axis with negative slope, far out of 
parallel of the approximated center of gravity axis. The roll center location in the 1 G 
lateral acceleration load case showed that roll center location did not change much in 
distance from the ground but roll center migrated towards laded side of the car in both 
original and modified version of the car. The roll axis on the original car remained 
negative and the roll axis on the modified car remained positive. The caster angle, 
kingpin inclination angle and scrub radius did not change between the cars.  
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Table 4. Results from half vehicle simulation 

 Original car 
front 

Original car 
rear 

Modified car 
front 

Modified car 
rear 

Static roll center 
location (distance 
from the ground) 

116.4 mm 73.3 mm 71 mm 74.7 mm 

Roll center 
location 1 G 
lateral acc 

(distance from the 
ground) 

116.2 mm 
and 3.2 mm 

towards 
laded side 

75.3 mm 
and 3.2 mm 

towards 
laded side 

70.7 mm and 
14.2 mm 

towards laded 
side 

74.7 mm 4.2 
mm towards 
laded side 

Caster angle 4.7 deg - 4.7 deg - 
Kingpin 

inclination angle 
6.3 deg - 6.3 deg - 

Scrub radius 57.1 mm - 57.1 mm - 
 
Results from the validation calculations showed that ADAMS/Car half vehicle static 
simulation results are almost exact. Results from validation of static parameters 
performed on the modified car are showed in table 5. The small difference between the 
validation calculations and ADAMS results may be that the suspension static 
equilibrium in ADAMS were not adjusted exactly as the coordinates in the 3D CAD 
model defined the static equilibrium, another possible error source may be tire 
defection caused by the car mass which is not considered in the handmade calculations. 
Roll center location, caster angle, camber angle and scrub radius has been validated 
with the calculations shown in appendix A2. 
 

Table 5. Result from the validation calculations of the static parameters on the modified car. 
 Modified 

car front 
Modified 
car rear 

Validation 
calculations front 

Validation 
calculations rear 

Static roll center 
location 

(distance from 
the ground) 

71.0 mm 73.3 mm 68.0 mm 74.7 mm 

Caster angle 4.7 deg - 4.675 deg - 
Kingpin 

inclination 
angle 

6.3 deg - 6.37 deg - 

Scrub radius 57.1 mm - 52 mm - 
 
The result from investigation of steering errors reviled bumpsteer in the original car 
steering geometry, the results from the original car and modified car is overlaid and 
shown in figure 10. The results of toe angle vs. bump and rebound shows the effects 
from the bumpsteer error, the toe angle varies with bump and rebound on the original 
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car, on the modified car the error is minimized. The simulations were performed with 
the static toe angle set to 0.15 deg on both of the cars. 
 

 
Figure 10. Toe angle vs. bump and rebound. 

5.2.2 Dynamic performance - full vehicle  
The performance results of the constant radius simulation are showed in figure 11. The 
negative slope represents understeer, the original car remained understeered during the 
constant radius turn and built up lateral acceleration linearly to 0.9 G. The front tires 
approach a behavior of a locked wheel sliding sideways and reached maximum lateral 
force on the front wheels at 1.15 G lateral acceleration. At 1.2 G lateral acceleration the 
front tires reached 100% slip and failed to maintain the radius of the corner for higher 
lateral accelerations.  
 
The modified car understeered and built up lateral acceleration linearly to 1.30 G and 
reached maximum lateral acceleration on the rear wheels at 1.32 G. The rear tires 
approached a behavior of a locked wheel and reached 100% slip at 1.36 G lateral 
acceleration and the car oversteered and failed to maintain the corner radius for higher 
lateral accelerations.  
 
The test results showed an improvement in the modified car to linearly build up lateral 
cornering force which means the car can go faster in corners and will be more 
predictable at high lateral acceleration cornering then the original car but will instead 
oversteer when maximum lateral force is reached.   
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Figure 11. Steering wheel angle vs. lateral acceleration for the original and the modified car. 

 

5.2.3 DOE results 
 
The DOE test resulted in table 7 and 8. To the left it shows the factor that is adjustable 
and to the right it shows the effect it has on the slip angle in percent. A negative value 
means a increasing the slip angle when adjusted from the values also shown in the 
tables. 
 

Table 7. Effects for slip angle: Right Front. 
Factor From To Effect Effect % 

rear_arb 0 3.0000e+03 4.8135e-01 10.01 
camber_front -2.0000 0 -3.7551e-01 -7.81 

toe_front 0 2.0000e-01 -1.4563e-01 -3.03 
spring_front 7.5000e-01 1.2500 -1.3384e-01 -2.78 
spring_rear 7.5000e-01 1.2500 -1.2732e-01 -2.65 
camber_rear -2.0000 0 -7.8153e-02 -1.63 

toe_rear 0 2.0000e-01 -6.5597e-02 -1.36 
front_arb 0 3.0000e+03 3.5069e-02 0.73 

damper_rear 7.5000e-01 1.2500 1.0572e-02 0.22 
damper_front 7.5000e-01 1.2500 1.0459e-02 0.22 
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Table 8. Effects for slip angle: Right Rear. 
Factor From To Effect Effect % 

spring_rear 7.5000e-01 1.2500 -3.9883e-01 -9.62 
camber_rear -2.0000 0 -2.4012e-01 -5.79 

rear_arb 0 3.0000e+03 -1.4301e-01 -3.45 
spring_front 7.5000e-01 1.2500 1.2977e-01 3.13 

front_arb 0 3.0000e+03 1.1922e-01 2.88 
toe_rear 0 2.0000e-01 -7.7988e-02 -1.88 

damper_rear 7.5000e-01 1.2500 1.7700e-02 0.43 
toe_front 0 2.0000e-01 -1.5468e-02 -0.37 

camber_front -2.0000 0 1.4750e-02 0.36 
damper_front 7.5000e-01 1.2500 2.5487e-03 0.06 

 
This shows that if the rear anti-roll bar stiffness increases from 0 to 3000N the slip angle 
would decrease with 10% in the front, however, this makes the slip angle decrease with 
3.45% at the rear which leads to a more oversteered car. If the front camber angle 
increases the slip angle decreases, same at rear. For the rear slip the springs have the 
most influence, stiffer springs give more slip angle.  
 

 
Figure 12. DOE test results. 

 
The html document from the DOE test also has another function shown in figure 12, 
where the values for the different parts could be adjusted manually which could be 
useful when a better value of local maxima or minima is sought for. 
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5.3 Error assessment  

To get a result comparable to the reality depends on the ability of the user to obtain or 
calculate and in some cases approximate variables. In our case the difference between 
simulation and reality depends on the setup of all the parameters for the car. 
ADAMS/Car had a huge amount of parameters to set and the information specified 
from the car maker is regretfully not enough.  Some of those parameters are not 
specified yet because he has not finished the construction of the car and some of them 
could not be specified without advanced test equipment. Examples of parameters are 
the engine power and torque curve, specifications of the tires, where the actual center 
of gravity is, and the weight of the sprung, unsprung mass.  
  
The geometry of the car model in ADAMS/Car should be correct if the CAD model is 
correct, error in the transfer of coordinates from NX to ADAMS/Car would have been 
noticed in the static validation calculations. ADAMS/Car is also very precise with the 
type of joints used. If one joint is of the wrong type or have wrong specifications error 
occurs in simulation, so that have been of help during the modeling.   
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6 Conclusions 
The reliability of these results is depending on a correct setup of the model in 
ADAMS/Car. Error assessments discussed in chapter 5.3 affects the car behavior. 
Unknown parameters invalidating our simulations are engine power and torque curve, 
specifications of the tires, where the actual center of gravity is, weight of the sprung, 
unsprung mass and body aerodynamics. The parameters for parts that are not obtained 
for project are hard to consider when the car is built with low budget and a one man 
crew, which means that decisions has to be made along the way. We are satisfied with 
approximates on the unknown variables and the results should be close to the reality 
but the dynamic performance on the car maybe not optimal. 

6.1 Forces 

The steering test shows that after the pushrod to upright mount was moved the steering 
wheel torque decreased with 60%. What values the steering torque represents on the 
real car is unclear, but the percentage should be the same. The car is probably going to 
be heavy to steer when the car is not moving, because of the steering wheel ratio, no 
steering assistance and with wide racing tires, but that is less important when driving on 
a racetrack.  
 
By mounting coilover-rocker-pushrod in line the forces in the X-axis for the rocker 
decreases by about 50%. This results in less force in the wrong direction for the center 
rocker bearing and concentrates all energy from the pushrod to the coilover spring. 
 
The front rocker ratio between coilover spring and wheel movement was good on the 
original car, because it used almost the whole coilover spring range, but the rear ratio 
was lower which gives less movement on the coilover spring. That results in a softer 
rear suspension and less usage of the whole coilover spring range. The front ratio has 
changed because of the movement of the pushrod mount in the upright. 

6.2 Dynamic performance 

Both the original and the modified car have an approximately positive slope on the 
center of gravity axis but the original car had a roll axis with a negative slope which 
means that the two axes are far out of parallel and results in a uneven chassis roll in the 
front and rear which adds unwanted weight distribution when lateral force is applied. 
The modified car have a positive slope on the roll axis which means its more parallel to 
the approximated center of gravity axel this results in a more even chassis roll with 
gives us a more linear behavior of the car when chassis roll and makes it more 
predictable when lateral force is applied. 
 
The full vehicle performance simulation showed that the modified car had a more 
linear behavior in lateral acceleration higher than 0.9 G until the limit of 1.32 G where 
it reached 100% slip at rear tires and oversteered. The effects from the bumpsteer was 
 26 

 
 



 

probably one of the causes to the original car where more understeered in high lateral 
acceleration. When lateral force is applied to the vehicle, chassis rolls and in the original 
car would that give more toe in at the outer wheel and cause more understeering.  
 
The bumpsteer error was not completely corrected in the modified car at high bump 
deflection of the front suspension a small toe angle change could be detected. 
However, this will not change the toe angle when cornering with the car, the 
suspension will not compress more than 25 mm since the lateral acceleration will not 
exceed 1.32 G in cornering. 

6.3 DOE test results 

These results are interesting because not every car react the same.  This is individual 
tables just for this car and for the properties used during simulation. As table 7 shows 
the rear anti-roll bar has the greatest influence on the slip angle for the front wheel. 
That is probably because the rear wheel slips more when using a stiffer anti-roll bar at 
the rear which results in an oversteered car which gives the front wheel better grip. 
This symptom is also shown in table 8; the car gets oversteered when the rear anti-roll 
bar is stiffer, harder rear springs give the same effect and reduced camber angle also 
gives less slip. All of these effects are because of not using the optimal camber angle just 
for that corner and that roll angle of the car. 
 
Figure 12 shows that different setups on the car could be tested by adjusting the 
different input factors until the wanted output result in wanted slip angle. 
 
From the figures and tables in this report the car maker will know how to fast change 
the setup of the car if e.g., understeer need to be changed when he is on the racetrack.  
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8 Appendixes 
 
A1. Pictures of the car 
A2. Calculations of static parameters 
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A1 Pictures of the car 

 
 A1.1. CAD model of the cars chassis. 
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Figure A1.2. CAD model – front suspension. 

 

 
Figure A1.3. CAD model – rear suspension. 

 

 31 
 

 



 

 
Figure A1.4. ADAMS/Car model – front suspension. 

 
Figure A1.5. ADAMS/Car model – rear suspension. 
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Figure A1.6. ADAMS/Car model – full vehicle in plank test. 

 

 
Figure A1.7. Bentley EXP Speed 8. 
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A2 Static calculations  

Calculation of static roll center from left side coordinates with formulas 1 to 13, 
coordinate locations illustrated in figure A2.1 
 
P1 = y,z Coordinates for upper control arm outer joint 
P2 = y,z Coordinates for upper control arm inner joint 
P3 = y,z Coordinates for lower control arm outer joint 
P4 = y,z Coordinates for lower control arm inner joint 
P5 = y,z Coordinates for wheel to ground center 
 

 
Figure A2.1 Static roll center coordinates locations. 

 
Calculation of line 1  
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Calculation of line  
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Calculation of icy with equation 6, 2 and 3.  
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Calculation of line 3 
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Calculation of roll center location in z when y=0 

zz Pmykrc 533 )*( −+=      
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Insert left coordinates front suspension 
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Gives front roll center z location above ground 68mm 
 
Insert left coordinates rear suspension 
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Gives rear roll center z location above ground 74.7mm 
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Calculation of caster angle on front suspension from coordinates with formula 14, 
coordinate locations illustrated in figure A2.2. 
 

 
Figure A2.2 Caster angle illustration of coordinates. 

 
Caster angle = θ  calculated with equation 14. 
P1 = x,z Coordinates for upper control arm outer joint 
P2 = x,z Coordinates for lower control arm outer joint 
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Caster angle °= 675.4θ  
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Calculation of kingpin inclination angle on front suspension from coordinates with 
formula 15, coordinates location illustrated in figure A2.3 
 

 
Figure A2.3 Kingpin coordinates illustration. 

 
Kingpin inclination angle = θ  calculated with equation 15. 
 
P1 = y,z Coordinates for upper control arm outer joint 
P2 = y,z Coordinates for lower control arm outer joint 
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With coordinates kingpin inclination angle °= 37.6θ  
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Calculation of Scrub radius front with formulas 16 to 20, coordinates points location 
illustrated in figure A2.4 
 

 
Figure A2.4 Scrub radius and illustration of coordinates. 

 
P1 = y,z Coordinates for lower control arm outer joint 
P2 = y,z Coordinates for upper control arm outer joint 
P3 = y,z Coordinates for wheel center 
P4 = y,z Coordinates for center of wheel to ground 
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Calculations of scruby with 17 18 and 19 
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With numbers  
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Calculated scrub radius =52mm 
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