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Abstract 
 Generally, vehicle dynamics is studied by the simulation and experiment test. The simulation is 
used in early design and development stage to reduce development cost and time. Simulation is safer for 
the test driver, especially when testing may result in severe motions such as rollover. Therefore, 
experiment is mainly used only for confirmation. In this research, Driving Simulator (DS) for testing vehicle 
roll motion is presented. The proposed has 2 degree-of-freedom which consists of pitch and roll that can 
also be used for longitudinal and lateral acceleration simulation. DS was designed based on human 
motion perception.ual reality motion. The DS was design to have roll and pitch axes at the driver’s head 
position to minimize the driver’s head from moving from the pitch and roll motion. The motion and force 
analysis are presented in this paper. These analyses were carried out both manually and with computer 
program. Range of motion, actuator force, and required stroke was adjusted by moving various joint 
positions. Finally, actual measurement is made and compared with the design values. 
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1. Introduction 
 In the design and development, driving 
simulator is essential for its flexibility and 
repeatability.  Time and money can be saved by 
reducing the number of actual experiment 
required.  Moreover, it is safer for the test driver, 
especially when testing severe motions such as 
rollover. 

It is generally accepted that driving 
simulator with simulated motions; e.g., roll, pitch, 
and yaw (Fig. 1), give the driver more realistic 
feeling.  In particular, driving simulators can be 
used to study effects of these motions on driver 
comfort and performance.  This paper presents 

the design and construction of a driving 
simulator designed to study effects of roll and 
pitch motion on the driver performance.  
However, our initial interest was on roll over 
prevention study. 

 
Fig. 1 The vehicle axis and motion [1] 
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 The vehicle roll motion is the movement 
around x-axis which is shown in Fig. 1. It is 
caused by the lateral force acts at an elevated 
point on the vehicle such as a side wind and the 
inertia force acting at the center of gravity.  
Rollover is a serious problem that can cause 
severe injury on the passenger. Rollover 
tendency of vehicles can be represented using 
rollover thresholds shown in Table. 1. 

Table. 1 Vehicle rollover thresholds [1] 
Vehicle Type CG 

Height 
(inches) 

Tread 
(inches) 

Rollover 
Threshold 

(g) 
Sport car 18 – 20 50 – 60 1.2 – 1.7 

Compact car 20 – 23 50 – 60 1.1 – 1.5 
Luxury car 20 – 24 60 – 65 1.2 – 1.6 
Pickup car 30 – 35 65 – 70 0.9 – 1.1 

Van 30 – 40 65 – 70 0.8 – 1.1 
Medium truck 45 – 55 65 – 75 0.6 – 0.8 
Heavy truck 60 – 85 70 – 72 0.4 – 0.6 

Before the vehicle safety design, it has to study 
the roll motion and its affect to driver’s behavior. 
In the experiment study, it is very dangerous 
when rollover is occurred, so DS is useful for 
using in studying and testing because it’s safety. 

Driving simulator (DS) can be classified 
into 2 types of mechanism which is series and 
parallel. The parallel mechanism is better in load 
distribution on actuators than the series but the 
more complex mechanism of parallel, the harder 
control. Nowadays, each of DS has different 
mechanism and DOF because it is suitable for 
different objects of user such as playing games, 
training, experiment etc. The more number of 
DOF, the more virtual reality simulation and 
more expensive. For example, the most popular 

DS is Stewart platform [2] which has 6 degree-
of-freedom. The simulation is good movement 
but the price is so expensive. Force Dynamics 
[3] is the 3 DOF DS that can use in marketing, 
training, have fun at home, or learn your next 
track. However, the restitution of 2 DOF 
movements which consist of the pitch angle 
simulates the acceleration and brake and the roll 
angle simulates the cornering is enough for the 
study the driver’s steering behavior in vehicle roll 
motion. 

2. Design of Driving Simulator 
 A DS works by replacing a real 
acceleration with the force we feel from gravity, 
shown in Fig. 2. The simulator will tilt the pitch 
angle to make the longitudinal acceleration and 
tilt the roll angle to make the lateral acceleration. 

 
Fig. 2 Principles of simulation acceleration [4] 

The virtual reality simulation depends on the 
correspondence between the DS movement 
control and the human perception of 
acceleration. In DS design, the human 
perception threshold is considered in one of the 
important things. The system of human 
perception is in the inner ears (Labyrinth) which 
has vestibular system which helps the body 
maintain its postal equilibrium. It consists of 
Otolith and Semicircular canal. The Otolith 
consists of Utricle and Saccule which response 
to linear acceleration or the position change of 
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head respect to gravity. The Semicircular canal 
is response to rotation acceleration. 
2.1 Design Requirement 
 From studying motion system [4], if the 
center of rotational is below the driver, the 
undesirable reverse force will occur when start 
the tilt motion, but if the center of rotational is 
over the driver, the undesirable reverse force will 
not occur. Therefore, the head joint of DS is 
selected over the driver head in order to get the 
better perception of acceleration. 

From the driving experiment in 4 
conditions [5] and studying the DS in present, 
the vehicle acceleration data in 2 axis, 
longitudinal acceleration and lateral acceleration, 
can conclude that the DS should tilt pitch angle 
() 25 degree and roll angle () 40 degree. 
The angle of driving module (DM) is calculated 
from the relation between real acceleration and 
the angle of DM in Eqs. (1) – (2). The ax is the 
lateral acceleration and the ay is the longitudinal 
acceleration. 

1Pitch  Angle ( ) sin xa

g
   

  
 

 (1) 

1Roll  Angle ( ) sin
cos( )

ya

g





 

  
 

 (2) 

At the beginning, the objective of design 
this DS is using for considering the driver’s 
behavior in the vehicle roll motion of frequency 
range 1 – 2 Hz. 

In summary, the requirements for design 
DS are 
1. DS has 2 DOF 
2. The head joint over the head of driver. 
3. DS has pitch angle in range of 25 degree 
and roll angle in range of 40 degree. 
4. The frequency using in an experiment is 1 Hz. 

2.2. Conceptual Design 
There are 3 designs of DS which are 

parallel mechanism and use 2 actuators which 
has stroke 600 mm to control the DS. The first 
design, shown in Fig. 3 can simulate the pitch 
angle between +40 degree and -18 degree and 
the roll angle is 38 degree. The disadvantage 
of this design is the heavy weight of driving 
module (DM). This problem can affect the 
motion and load on the actuator when using in 
the real structure. 

 
Fig. 3 Driving simulator design 1 

The second design, shown in Fig. 4, can 
simulate the pitch angle between +25 and -45 
degree and the roll angle for 40 degree. DM 
has light weight but there are many linkages 
which make uncomfortable for user to get in or 
out from DM. 

 
Fig. 4 Driving simulator design 2 
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The third design, shown in Fig. 5, can 
simulate the pitch angle between 0 and +10 
degree and the roll angle for 20 degree. DM 
has light weight but it has problem about motion 
and the load on actuators. 

 
Fig. 5 Driving simulator design 3 

The decision of DS design is based on 
the angle, weight, cost, comfort, and utilization. 
By using the weighted rating, it shows that the 
second design is the most suitable for the 
required conditions.  
2.3 Mathematical Model 

A mathematical model is used to 
investigated the suitable joint position and 
linkage length. Moreover, this model is used to 
determine the force on each linkage which is 
important to consider for the suitable actuator. 
2.3.1 Center of Gravity Position 

When the DS rotates, the CG position 
will change as shown in Fig. 6. We can explain 
the CG position which has reference from the 
head joint by using Eqs. (3) – (5). 

 
Fig. 6 The CG position before the DS rotate 

' cos sin cosx h l     (3) 
' siny h    (4) 
' cos cos sinz h l      (5) 

When h is the vertical displacement between CG 
and head joint in normal position, l is the 
horizontal displacement between CG and head 
joint in normal position,  is the roll angle, and 

 is the pitch angle. 
2.3.2 Joint Position on Driving Module 

The DM has 3 joints consist of 1 head 
joint, 2 DOF joint (x1, y1, z1) and 2 universal joint 
in the side of DM, (x2L, y2L, z2L) and (x2R, y2R, z2R) 
is shown in Fig. 7. We can determine the joint 
position by using Eqs. (6) – (11). 

 
Fig. 7 The front view of joint position on DM 

The left side joint is (x2L, y2L, z2L). 

2 1 cos( )sin cosLx R L       (6) 

2 1 sin( )Ly R      (7) 
 2 1 1 cos( )cos sinL Lz z R L        (8) 

The right side joint is (x2L, y2L, z2L). 

2 1 cos( )sin cosRx R L        (9) 

2 1 sin( )Ry R      (10) 
 2 1 1 cos( )cos sinR Rz z R L           (11)

  

When 
 

 
  

 

2
2

1
2

W
R H

  and  
 

  
 

arctan
2

W

H
  

Where W is width of DM, H is height of DM, L is 
depth of DM,  is the roll angle, and  is the 
pitch angle. 
2.3.3 Joint Position on Linkage 

Head joint 

Left joint Right joint 
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Fig. 8 shows the position on DS linkage 
and the position of actuator as (x5, y5, z5) and 
(x6, y6, z6). All positions can be derived by Eqs. 
(12) – (17). 

 Fig. 8 Joint position on DS linkage. 

3 4 3 cosL L Lx x R    (12) 

3 4L Ly y  (13) 

3 4 3 sinL L Lz z R    (14) 

5 4 4 cosL L Lx x R    (15) 

5 4L Ly y  (16) 

5 4 4 sinL L Lz z R    (17) 
When 

     
2 2 2

2 2 3 2 3 2 3R x x y y z z        

     
2 2 2

3 3 4 3 4 3 4R x x y y z z        

   
2 2

4 4 5 4 5R x x z z      

arcsin L
L L

L

A
C

B


 
   

 
  

       
2 2 2 2 2

2 4 2 4 2 4 3 2L L L L L L LA x x y y z z R R       

   
2 2

3 2 4 2 42L L L L LB R x x z z     

2 4

2 4

arctan L L
L

L L

x x
C

z z

 
  

 
  

Remark : Since DS is symmetry, therefore these 
equations can be used for both left and right 
side. 
 The actuator length can be calculated 
from Eqs. (18) – (19). 

      
2 2

5 6 5 6(Actuator Length)L L L L Lx x z z  (18) 
      

2 2

5 6 5 6(Actuator Length)R R R R Rx x z z  (19) 
2.3.4 Calculation of Force on Actuator 

The calculation is carried out by using 
static method with safety factor that cover 

dynamic load. Free body diagram of DM and 
supporting linkages is shown in Fig. 9. 

 
Fig. 9 Free body diagram of driving module (DM) 

and supporting linkages. 

The force on R2 linkage and moment on head 
joint can be determined by using Eqs. (20) – 
(22) when R2 is the linkage between the joint 2L 
and 3L or 2R and 3R and head joint is the loint 
1 in Fig. 9. 
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The force on actuator can be calculated by using 
Eqs. (23) – (24). 

     

   

     


  

7 4 2 23 3 4 2 23 3 4

3

65 4 5 65 4 5

ˆ ˆ

ˆ ˆ

L L L L L L L L L L

L

L L L L L L

m g x x F z x x F x z z
F

z x x x z z

 (23) 
     

   

     

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7 4 2 23 3 4 2 23 3 4

3

65 4 5 65 4 5

ˆ ˆ

ˆ ˆ
R R R R R R R R R R

R

R R R R R R

m g x x F z x x F x z z
F

z x x x z z

 (24) 
2.4 Design Analysis  

In design step, we have to choose the 
specification of the DS device such as actuator, 
therefore the objective of design analysis is to 
consider the suitable actuator stroke and motor 
size for using in DS.  
 From calculation of the actuator stroke, 
we found that the length of R2 linkage has the 
most influence on the actuator stroke. From this 
reason, graph between the stroke of actuator 
and the pitch angle when vary the length of R2 
linkage is plotted as shown in Fig. 10 to 
consider the stroke of actuator.  

 
Fig. 10 The graph between stroke of actuator 

and pitch angle 

R2 is the linkage between the joint 2L and 3L or 
2R and 3R, shown in Fig. 9. R3 is the linkage 
between the joint 3L and 4L or 3R and 4R, 
shown in Fig. 9. From the graph in Fig. 10, the 
total actuator length stroke when using any R2 
length is within 500 mm. 

From calculation of force on the 
actuator, we can plot the relation between force 
and roll angle in the roll motion of DS shown in 
Fig. 11. The force is varied by the roll angle of 
DM between -40 and 40 degree. From graph, 
the maximum force is about 2500 N in static 
approach. 

 
Fig. 11 The graph show the force on actuator 

 From the actuator stroke and force 
analysis, the actuator which is suitable for this 
DS is Servomech actuator that has 600 mm 
stroke length. It can use with the maximum static 
load 6000 N (push), 4000 N (pull) and the 
maximum dynamics load 4000 N. 

3. Simulation Model 
The DS movement can be investigated 

by using simulation on MATLAB SimMechanics 
shown in Fig. 12. In addition, the force of 
actuator as well as the pitch and roll angle of 
DM can be determined in a different motion. The 
simulation model was produced based on the 
position of joint, the length of linkage, and the 
stroke of actuator which are determine from 
mathematical model. Types of joint used in the 
model are shown in Fig.13. 
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Fig. 12 Program MATLAB SimMechanics 
 

 

Fig. 12 The simulation model of DS 

In simulation for testing general roll motion of the 
vehicle, one actuator was fixed and another one 
was varied by the 1 Hz sine wave input which 
has a stroke limited to 5 cm. From this 
simulation, it can show that the mechanism 
movement has the same motion as our 
expectation. 

From the simulation result, the maximum 
force is about 600 N and the maximum velocity 
is 0.1 m/s. Thus, the power is 188.50 W. From 
this data, we choose the DC servomotor size 
200 W for drive linear actuators. 

4. Experiment and Result 
 The DS was fabricated after we 
designed and verified it by using simulation 
technique. In the experiment, we use the real 
DS structure, shown in Fig. 14, to test for the 

work space then compare with simulation result. 
During the test, DC servomotor which connects 
to the linear actuator is controlled to vary the 
stroke of each actuator.  

 
Fig. 14 The DS structure 

In experiment and simulation, one side 
of actuator is set to constant stroke and another 
actuator is varied stroke at every 10 cm to 
measure the pitch and roll angle, then we can 
plot the work space graph, shown in Fig. 14 
which show the work space of DS comparing 
between the simulation and the experiment 
result. 

 
Fig. 14 The DS work space graph 

We found that the experiment result isn't 
the same as the simulation result because the 
movement of DM crashes with the main 
structure which isn't considered in the 
simulation. Another reason is the linkage length 

2 Revolute 
joints 

Spherical joints 

Revolute joints 

Universal joints 

Revolute joints 

Revolute joints 
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has some errors due to non uniform accuracy in 
fabrication. The working space from experiment 
is smaller than working space from simulation. 
The difference of maximum possible value for 
pitch and roll angle is about 20% and 25% less 
than simulation results respectively. For the 
preliminary study, this error is acceptable 
because this work space can use to study the 
general vehicle roll motion. The next step of 
work, this error will be reduced by modifying 
some part of DS structure. 

5. Conclusion 
 This paper presents the design and 
construction of a driving simulation (DS) 
designed to study effects of roll and pitch motion 
on the driver performance, especially, in rollover 
condition. The analysis of motion and force in 
actuator was done by simulation to select 
appropriate actuator. Working space of DS was 
investigated both by simulation and real 
experiment. From comparison between these 
results, the difference of maximum possible 
value for pitch and roll angle is about 20% and  
25% less than simulation results respectively but 
it is acceptable for using this DS in general roll 
motion testing. In the next step the force on 
actuator will be experimentally confirmed before 
install the real actuator into the system. Then we 
will use DS to study the general roll motion 
before develop DS to perform rollover study. 
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