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Dear Reader,

How are you dealing with the daily re-
ports on the global financial crisis and its 
consequences? Are you concerned about 
how “weather-proof” your company is and 
how secure your personal finances are?

Typical human reaction patterns in times 
of crisis are impulsive action, denial or 
resignation. I believe that, as far as the au-
tomotive industry is concerned, there is 
little reason for any of these. Let’s take de-
nial to begin with. As financing becomes 
more expensive, the lack of available 
funds will have an impact on the invest-
ment behaviour of car makers and suppli-
ers. And uncertainty among consumers 
will result in less willingness to buy, espe-
cially when it comes to expensive articles 
like cars. Denying that such problems ex-
ist would be irresponsible.   

So what should we do? Putting invest-
ment entirely on hold and pursuing a 
radical austerity policy would certainly 
bring short-term financial benefits – but 
we would have to pay dearly in the long 
term. Even if environmental protection is 
not currently in the focus of public atten-
tion due to the sharp fall in the price of 

oil, sustainable economic management 
and producing eco-friendly vehicles will, 
in the medium and long term, be the pre-
conditions for staying in business as an 
automotive company.

Let us therefore see this crisis as an oppor-
tunity to put our house in order. Compa-
nies will survive this crisis too – provided 
that they develop today what the cus-
tomer wants tomorrow. Environmentally 
friendly drive systems and maximum safe-
ty are at the top of the list of priorities. As 
far as financing innovations in difficult 
times is concerned, it is more worthwhile 
than ever to enter into strategic partner-
ships in individual areas. 

In other words, alertness yes, resignation 
no!

I wish you all the best for the last few 
weeks of 2008.

Johannes Winterhagen
Wiesbaden, 20 October 2008

Surviving	the	Crisis

Johannes Winterhagen 
Editor-in-Chief

EDITORIAL
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Crash Safety through 
Side Impact Protection 
Aprosys Project for Environmental 
Sensorics
In the moments before a collision, only fractions of a second remain, in which to activate additional side 
impact protection and provide the passengers with better protection. As part of the European Aprosys 
project, a system has been developed, which can detect accidents at an early stage by using radar and 
video sensors and which uses a new type of very rapid actuator to activate the side impact protection. 
The project has been headed by engineers at Continental, the international automotive supplier.
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1  Introduction

Side collisions pose a particularly high 
risk of injury to drivers and passengers. 
Although frontal and side crashes occur 
with almost equal frequency, the number 
of injuries and fatalities from side crash-
es is greater. The reason for this is that, at 
the moment of initial impact, there is 
only a narrow gap between the occu-
pants and any object, which penetrates 
the vehicle. The existing impact detec-
tion technology can only detect a crash 
on initial impact, allowing insufficient 
time for collision-mitigating measures to 
be triggered.

To overcome this, an integrated side 
impact protection system was built up in 
the sub-project No. 6 of the European 
Aprosys (Advanced Protection Systems) 
research project, made of two sub-systems. 
For the first time, this system combines 
the following innovative sub-systems in a 
car: a sensor sub-system and an actuator 
sub-system. The sensor sub-system consists 
of radar and stereo camera. It monitors 
the road area to the front and side of the 
vehicle, determines that a collision is im-
minent and activates the actuator sub-sys-
tem before the impact occurs so as to re-
duce the effect on the passenger compart-
ment. This gives other conventional de-
vices such as airbags more time and space 
to protect the occupants.

The actuator sub-system is based on 
shape memory alloys made of wires. To 
reduce the severity of a side impact the 
structural deformation of the body 
should be decreased. This could be possi-
ble when directing the impact forces to 
those rigid vehicle structures not affect-
ed by the impact.

The system concept is based on a 
thorough analysis of accident statistics. 
Various side impact protection ap-
proaches were examined using multi-
body [1] and finite element [2] simula-
tions. Human behavior in side impact 
situations was also investigated [3]. Fol-
lowing these studies, the sensor and ac-
tuator sub-systems were defined, devel-
oped, installed in various vehicles and 
finally tested.

2  Sensor Sub-System

Requirements for the sensor sub-system 
were derived from the detailed study of 
actual impact angles and related fatality 
numbers [4]. In order to detect the great 
majority of side impacts and to be able to 
deliver useable data to the actuator sub-
system, the sensor sub-system had to:
–  detect and track objects impacting 

the side of the vehicle
–  determine the size and shape of the 

impacting objects (classification)

The Author

Dr.  
Joachim Tandler 
is expert for radar  
and fusion systems in 
Continental‘s Chassis 
& Safety Division in 
Lindau (Germany).

Figure 1: Installation position and surveillance field – the surveillance area lies to the side, 
both in front of and alongside the vehicle (blue: radar sensors, red: stereo camera); the two 
radar sensors are fitted below the front and rear bumpers; and the stereo camera in the  
region of the rear side window
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–  establish the risk of an impact and de-
cide whether a collision was about to 
occur at least 200 ms before impact

–  monitor an area over a range of 20 m 
both to the side and front of the vehi-
cle; impacts occur most frequently at 
an angle of 90°, that means a classic 
accident due to a failure to give way, 
and at 60°, typical of a collision when 
turning off.

The task could be solved by a multi-sensor 
system, consisting of a radar sensor net-
work (two sensors) and a stereo video cam-
era on each side of the vehicle, Figure 1. 
Primarily was to process the data from 
each type of sensor separately. Then a fu-
sion module collated the data before a 
decision module calculated the risk of an 
impact and finally triggered the actuator 
sub-system.

The short-range radar was adapted to 
meet the specific requirements for moni-
toring the side of the vehicle. It operated 
at a frequency of 24 GHz with a signal 
bandwidth of 1000 MHz. The sensors 
 simultaneously measured the distance 
(accuracy: 0.1 m), angle (accuracy: 2°) 
and relative velocity (accuracy: 1 m/s) of 

an approaching object. The radar sen-
sors were invisibly installed below the 
front and rear bumpers. So that it could 
be simply fitted parallel with the vehicle 
symmetry plane, the radar antenna was 

adapted to look forwards and sideways, 
Figure 2.

A stereo video camera was chosen to 
operate together with the radar net-
work. When developing a sideways-look-
ing video pre-crash system, a number of 
differences to a forward-looking per-
spective had to be dealt with. When the 
camera is oriented to the side of the ve-
hicle, then other vehicles are mainly 
seen from the side, and they are so close 
that they are only partly seen in the 
video images. Consequently, a number 
of image properties that are successfully 
exploited in a forward-looking system 
(such as symmetry) are no longer avail-
able. In addition, lane markings are oc-
cluded most of the time, and hence un-
available to limit the area under surveil-
lance and to identify those objects that 
are important more easily. 

For these reasons, a more general ap-
proach had to be taken: Object hypothe-
ses were obtained from so-called depth 
maps resulting from stereo analysis. 
Depth maps consist of three-dimensional 
point clouds. They are built up by finding 
corresponding pixels in the two video im-
ages. The distance from the camera can 
be calculated from the pair of pixels.

As soon as a depth map has been pro-
duced, the object‘s position on the road 
is estimated. The object points are then 
separated from the road points and 
grouped into clusters. Tracking these 

Figure 2: Characteristics of  
the adapted radar sensor pro-
totype: although the sensors 
can be easily fitted parallel to 
the vehicle‘s symmetry plane, 
the focus of their sensitivity is, 
as desired, towards the front 
and side

Figure 3: A demanding task – raw images from a sideways-looking stereo camera; epipolar 
curves (magenta) for the correspondence search in the original image geometry have been 
drawn in
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clusters makes it possible to estimate 
how the objects being observed will move 
and to calculate their behavior in ad-
vance. Combining this with the estimate 
of one‘s own movement allows a colli-
sion prediction to be made.

In order to cover the surveillance area, 
the two cameras have wide opening an-
gles and are arranged offset. As a conse-
quence, the images cannot be transform-
ed into epipolar geometry with reason-
able computational effort, while this is 
standard in other stereo systems, Figure 3 
and Figure �. The search for correspond-
ing pixels takes place directly in the origi-
nal images. During analogous features in 
epipolar geometry are localized on 
straight lines, now they have to be search-
ed for on complex epipolar curves.

A box in Figure 4 represents the ob-
ject hypothesis. The object‘s estimated 
position, relative speed and time to colli-
sion are printed in red.

Further challenges presented by a 
sideways-oriented pre-crash system are 
the short observation time and the ob-
ject‘s generally complex trajectory. Addi-
tionally, the long period has to be men-
tioned, for which a prediction needs to 
be made.

The fusion system, Figure �, joins 
matching video and radar objects togeth-
er and transfers them to the decision 
module. The combination of the two 
types of sensor makes it possible to avoid 
false alarms but, at the same time, to re-
main highly effective as regards the early 
detection of imminent side collisions.

The decision module produces a risk 
estimate, Figure �: it extrapolates from all 
the objects it identifies and calculates 
the time to collision (TTC). It decides 

whether it is physically possible to avoid 
a collision by braking or steering and cal-
culates a collision probability. If the TTC 
and the collision probability exceed cer-
tain limits, the actuator system is alerted 
(compare also with [5]).

The lines in Figure 6 indicate, by means 
of linear extrapolation, where an object 
will be one second later. Small red squares 
on the test vehicle show possible impact 
points. In a case like this, a signal needs to 
be sent to trigger the actuator system.

In order to test whether the sensor 
and fusion system worked, trials were 
conducted in the crash laboratory of the 
company TNO, in which a test sled ap-
proached the vehicle under test at differ-
ent angles at a speed of 50 km/h. Using 
an independent method, position and 

velocity of the sled were measured. The 
result: the system was capable of activat-
ing the additional impact protection ap-
proximately 200 ms before the expected 
crash – a major advantage over airbag 
systems, which can only be initiated 5 ms 
after impact.

The data diagrams a) to d) of Figure 7 
clearly show that the values calculated 
by the sensor system correspond to the 
actual positions during the crash test. A 
test sled approached at an angle of 37° at 
50 km/h up to approximately 2 m dis-
tance to the host vehicle. Diagram e) 
shows the time to collision (TTC) calcu-
lated by the system‘s algorithms. The 
side impact system is only triggered if 
the TTC values fall below 400 ms. Dia-
gram f) shows that the radar system 
achieved the additional threshold value 
of 80 % crash probability at the test time 
160.251 s, while the video signal for the 
left front section detected this threshold 
at 160.492 s. The actuator system is only 
triggered, when both thresholds of both 
sensors are exceeded. Hence, there was 
still sufficient time for the side impact 
protection to be reliably activated. Dia-
gram g) demonstrates that the data cal-
culated by the sensors for the time of 
crash (TOC) varied only negligibly from 
the actual values. Lastly, the diagram h) 
gives a bird‘s eye view of the movement 
of the test sled with the points calculated 
by the video and radar sensors.

Figure �: Results from side pre-crash detection, based on stereo analysis: on the left,  
an original image with the 3D points detected and their horizontal plane projection;  
on the right, a top view of the 3D points

Figure �: Scheme of the separate radar 
and video data before fusion

AtZ 11I2008 volume 110 7 
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3  Actuator Sub-System

Fatal injuries from a side impact nor-
mally occur within the first time seg-
ment (70 to 80 ms). These injuries are 
mainly caused by hard contact between 
the passenger and the interior fittings. 
There are narrow limits to what conven-
tional protection systems such as side 
airbags can achieve because the side 
structure has only a small energy-absorb-
ing zone.

Reducing the severity of a side impact 
required a two-pronged strategy. First, 
there had to be less structural deforma-
tion of the bodywork in the area where 
the occupant‘s life is at risk. Secondly, 
contact between the passenger and the 
interior fittings had to be gentler. In the 
context of Aprosys the developers con-
centrated on the first objective, that 
means on devices, which restrict penetra-
tion and thus reduce the deformation of 
the vehicle structure.

The aim was to evaluate the actuator 
sub-system through side impact tests 
with a deformable barrier. For this rea-
son, a test of this nature was carried out 
at the very start of actuator development 
both for reference purposes and to opti-
mize the simulation models (Chrysler 
Neon vehicles, model years 1994 to 1999, 
were used due to the availability of simu-
lation models). As a result of this study, 
important structures, which encourage 
deformation (B-pillar, rocker panels, 
roof, floor pan, doors), were identified 
and analyzed.

Various concepts for reducing penetra-
tion depth were examined: These includ-
ed among other things using strong bolts 
to join the doors to the bodywork, rein-

forcing the B-pillar and directing the im-
pact forces to those rigid vehicle struc-
tures not affected by the impact [7]. The 
latter concept turned out to be most ef-
fective. Diverting the impact forces ac-
tively opens up a new energy path during 
the initial contact phase and, as a conse-
quence, relieves the load on the B-pillar 
and in areas where occupant is seated.

The active device (actuator) realised 
in this concept is located on the impact 
side and consists of two parts. The first 
part is a self-rotating door post, normal-
ly in a vertical position. Before the vehi-
cle becomes involved in an accident, the 
door post moves in a horizontal posi-
tion, filling the whole door frame. The 
second part is a tube containing a spring-
loaded bolt, fitted crosswise in the seat, 
directly underneath the seat surface. 
When the sensors report an imminent 
crash, the spring-loaded bolt makes a 
rigid connection between the door and 
the transverse tube fitted in the seat. 

Figure 7: Data diagrams (explanations see text)

Figure �: The decision 
module‘s view of the  
traffic situation: the test 
vehicle fitted with the  
sensors is shown as a 
gray rectangle; the red 
rectangle is an object, 
which the video system 
has detected; the small 
white square is a radar  
reflection object (all dis-
tances in the diagram are 
given in m)
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This seals all the gaps between the outer 
metal skin and the seat.

Figure � shows the tube actuator‘s de-
sign principle. A bolt (1), normally seated 
in a housing, can be propelled by a pre-
loaded steel spring (3) from its original 
position (in the seat frame) to its activat-
ed position. In this activated position, 
the point of the bolt is guided by a mat-
ing piece in the door paneling (4). Small 
radially-mounted, expandable compo-
nents (2) lock the bolt into position and 
prevent it from being pushed backwards. 
The trigger mechanism, which initiates 
the movement of the bolt, consists of two 
main parts: a small lever arm, which in-
teracts with the rear end of the bolt (5), 
and a shape memory alloy wire (6), 
which, when activated, pulls the lever 
arm so as to release the bolt.

The transverse tubes of the actuator 
sub-system in the seats and the reinforce-
ment in the center tunnel area can be 
clearly seen in Figure 9. The gap between 
the driver‘s seat and the reinforcement in 
the driver‘s door is sealed by the actuator; 
on the front-passenger side, the impact 
energy is diverted to the rocker panel.

3.1  Shape Memory Alloy Principle
Once both the concept and design for the 
actuator system had been established, the 
final actuator prototype was produced. It 
is fitted with a release mechanism, consist-
ing of a shape memory alloy (SMA) wire 
[6]. It is well suited to the Aprosys project‘s 
time-critical safety application. Smart ma-
terials like sheet-like shape memory alloys 
or piezo-ceramics are not yet used as 
standard in crash applications.

The design principle of SMA is based 
on regrouping the molecular lattice. 
When heated, the material distorts; when 
cooled, it returns to its original shape. 
Several ways of heating an SMA module 
were examined. Using the vehicle‘s cool-
ant, engine oil or chemicals was rejected 
due to safety risks. It was therefore decid-
ed to heat the module using electricity 
from a capacitor, which is charged by the 
vehicle‘s battery. A microcontroller real-
ises the communication with the sensor 
system via the CAN bus and controls the 
activation of the SMA wire.

3.2  Actuator‘s Performance
The actuators and all the system compo-
nents were installed in test vehicles and 

Figure �: Tube actuator‘s design principle  
(top: initial position; bottom: position after activation)

Figure 9: The actuator system, installed in a test vehicle
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the development process was greatly as-
sisted by simulation. The component 
tests evaluated the SMA actuator‘s me-
chanical performance and response 
time. The tests demonstrated the desired 
response time and clear repeatability; 
the actuator moved the bolt (approxi-
mately 400 g) 115 mm in 60 ms.

Four side crash tests with deformable 
barrier based on EuroNCAP, produced 
reference and improvement values for 
penetration depth at the B-pillar. The 
values for a production vehicle without 
actuator were 488 mm; and 418 mm for 

a vehicle with optimized actuator. With 
an actuator, the penetration depth, 
 Figure 10, was significantly less, especial-
ly in the passenger seat area. During 
simulation runs in a variety of collision 
scenarios (collisions with vehicles or 
poles, at different impact angles and 
speeds), the actuator system showed it-
self to be robust, reducing the penetra-
tion depth in every case.

The essential gain produced by the 
actuator system is a reduction in the 
depth and velocity of penetration over a 
large area of the door. Interior protec-

tion systems (airbags) are given more 
time and space to deploy more effective-
ly; the impact against the occupant is 
delayed, thus enabling the impact forces 
and other biomechanical values to be 
reduced. The depth of penetration is re-
duced precisely at the spot where the oc-
cupant is seated; survival space and time 
are won.

�  Evaluation of the  
Side Pre-Crash System

The final project phase saw an intensive 
series of tests for the side pre-crash sys-
tem carried out using an evaluation 
methodology developed by Aprosys [8]:
–  Evaluation of system behavior under 

normal driving conditions (false alarm 
rate and comfort aspects) using set 
maneuvers and a field trial: This test 
cluster concentrated on the sensor 
and decision system. The field trial 
was conducted over a distance of 
2000 km through France, Italy, Aus-
tria and Germany and produced a to-
tal of 60 system false alarms. Although 
the system under consideration is re-
versible, this number of false alarms 
is too high for a series production 
product. However, the number can be 
reduced to an acceptable level by fur-
ther optimization.

–  Evaluation of the impact detection 
rate: the test conditions were based on 
the most important accident scenari-
os, taking system and test laboratory 
restrictions into account. Here, too, 
the focus was on the sensor and deci-
sion system.

–  Evaluation of crash performance: a 
test protocol, based on the EuroNCAP 
side impact test, was chosen for this. 
Penetration depth and velocity were 
measured.

The whole integrated system was subject-
ed to a performance test as the final crash 
trial. It should be borne in mind that the 
radar system‘s impact detection rate 
might possibly have been smaller due to 
the test environment in an enclosed hall. 
In addition, the floodlights installed for 
the high-speed cameras reduced the effec-
tive range of the stereo camera by more 
than half. Instead of a surveillance range 
of 20 m, a range of only 8 m was in effect 
available. The sensors needed to be adjust-

Figure 10: Crash analysis in detail: over a wide area, the penetration depth is reduced by 
more than the target of 50 mm
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ed to compensate for these disadvantages. 
Despite the unfavorable conditions, the 
sensors identified the imminent accident 
approximately 321 ms before the collision 
and triggered the side impact protection 
system in good time.

�  Conclusion

Over the next few years, more and more 
cars on our roads will be equipped with 
environmental sensors, making pre-
crash data available in good time. SMA 
actuators will also have a place in auto-
motive engineering. 

The conventional passive safety sys-
tems in vehicles can be significantly im-
proved by using environmental sensors. 
Knowing that an accident is about to hap-
pen and where the impact will occur 
opens up many possibilities for providing 
vehicle occupants with better protection. 
Once there is a growing market for sys-
tems, which give early warning of rear-
end collisions or of the vehicle leaving the 
road, systems for detecting side collisions 
will be available shortly afterwards.
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Crash Safety through 
Side Impact Protection 
Aprosys Project for Environmental 
Sensorics
In the moments before a collision, only fractions of a second remain, in which to activate additional side 
impact protection and provide the passengers with better protection. As part of the European Aprosys 
project, a system has been developed, which can detect accidents at an early stage by using radar and 
video sensors and which uses a new type of very rapid actuator to activate the side impact protection. 
The project has been headed by engineers at Continental, the international automotive supplier.
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1  Introduction

Side collisions pose a particularly high 
risk of injury to drivers and passengers. 
Although frontal and side crashes occur 
with almost equal frequency, the number 
of injuries and fatalities from side crash-
es is greater. The reason for this is that, at 
the moment of initial impact, there is 
only a narrow gap between the occu-
pants and any object, which penetrates 
the vehicle. The existing impact detec-
tion technology can only detect a crash 
on initial impact, allowing insufficient 
time for collision-mitigating measures to 
be triggered.

To overcome this, an integrated side 
impact protection system was built up in 
the sub-project No. 6 of the European 
Aprosys (Advanced Protection Systems) 
research project, made of two sub-systems. 
For the first time, this system combines 
the following innovative sub-systems in a 
car: a sensor sub-system and an actuator 
sub-system. The sensor sub-system consists 
of radar and stereo camera. It monitors 
the road area to the front and side of the 
vehicle, determines that a collision is im-
minent and activates the actuator sub-sys-
tem before the impact occurs so as to re-
duce the effect on the passenger compart-
ment. This gives other conventional de-
vices such as airbags more time and space 
to protect the occupants.

The actuator sub-system is based on 
shape memory alloys made of wires. To 
reduce the severity of a side impact the 
structural deformation of the body 
should be decreased. This could be possi-
ble when directing the impact forces to 
those rigid vehicle structures not affect-
ed by the impact.

The system concept is based on a 
thorough analysis of accident statistics. 
Various side impact protection ap-
proaches were examined using multi-
body [1] and finite element [2] simula-
tions. Human behavior in side impact 
situations was also investigated [3]. Fol-
lowing these studies, the sensor and ac-
tuator sub-systems were defined, devel-
oped, installed in various vehicles and 
finally tested.

2  Sensor Sub-System

Requirements for the sensor sub-system 
were derived from the detailed study of 
actual impact angles and related fatality 
numbers [4]. In order to detect the great 
majority of side impacts and to be able to 
deliver useable data to the actuator sub-
system, the sensor sub-system had to:
–  detect and track objects impacting 

the side of the vehicle
–  determine the size and shape of the 

impacting objects (classification)

The Author

Dr.  
Joachim Tandler 
is expert for radar  
and fusion systems in 
Continental‘s Chassis 
& Safety Division in 
Lindau (Germany).

Figure 1: Installation position and surveillance field – the surveillance area lies to the side, 
both in front of and alongside the vehicle (blue: radar sensors, red: stereo camera); the two 
radar sensors are fitted below the front and rear bumpers; and the stereo camera in the  
region of the rear side window
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–  establish the risk of an impact and de-
cide whether a collision was about to 
occur at least 200 ms before impact

–  monitor an area over a range of 20 m 
both to the side and front of the vehi-
cle; impacts occur most frequently at 
an angle of 90°, that means a classic 
accident due to a failure to give way, 
and at 60°, typical of a collision when 
turning off.

The task could be solved by a multi-sensor 
system, consisting of a radar sensor net-
work (two sensors) and a stereo video cam-
era on each side of the vehicle, Figure 1. 
Primarily was to process the data from 
each type of sensor separately. Then a fu-
sion module collated the data before a 
decision module calculated the risk of an 
impact and finally triggered the actuator 
sub-system.

The short-range radar was adapted to 
meet the specific requirements for moni-
toring the side of the vehicle. It operated 
at a frequency of 24 GHz with a signal 
bandwidth of 1000 MHz. The sensors 
 simultaneously measured the distance 
(accuracy: 0.1 m), angle (accuracy: 2°) 
and relative velocity (accuracy: 1 m/s) of 

an approaching object. The radar sen-
sors were invisibly installed below the 
front and rear bumpers. So that it could 
be simply fitted parallel with the vehicle 
symmetry plane, the radar antenna was 

adapted to look forwards and sideways, 
Figure 2.

A stereo video camera was chosen to 
operate together with the radar net-
work. When developing a sideways-look-
ing video pre-crash system, a number of 
differences to a forward-looking per-
spective had to be dealt with. When the 
camera is oriented to the side of the ve-
hicle, then other vehicles are mainly 
seen from the side, and they are so close 
that they are only partly seen in the 
video images. Consequently, a number 
of image properties that are successfully 
exploited in a forward-looking system 
(such as symmetry) are no longer avail-
able. In addition, lane markings are oc-
cluded most of the time, and hence un-
available to limit the area under surveil-
lance and to identify those objects that 
are important more easily. 

For these reasons, a more general ap-
proach had to be taken: Object hypothe-
ses were obtained from so-called depth 
maps resulting from stereo analysis. 
Depth maps consist of three-dimensional 
point clouds. They are built up by finding 
corresponding pixels in the two video im-
ages. The distance from the camera can 
be calculated from the pair of pixels.

As soon as a depth map has been pro-
duced, the object‘s position on the road 
is estimated. The object points are then 
separated from the road points and 
grouped into clusters. Tracking these 

Figure 2: Characteristics of  
the adapted radar sensor pro-
totype: although the sensors 
can be easily fitted parallel to 
the vehicle‘s symmetry plane, 
the focus of their sensitivity is, 
as desired, towards the front 
and side

Figure 3: A demanding task – raw images from a sideways-looking stereo camera; epipolar 
curves (magenta) for the correspondence search in the original image geometry have been 
drawn in
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clusters makes it possible to estimate 
how the objects being observed will move 
and to calculate their behavior in ad-
vance. Combining this with the estimate 
of one‘s own movement allows a colli-
sion prediction to be made.

In order to cover the surveillance area, 
the two cameras have wide opening an-
gles and are arranged offset. As a conse-
quence, the images cannot be transform-
ed into epipolar geometry with reason-
able computational effort, while this is 
standard in other stereo systems, Figure 3 
and Figure �. The search for correspond-
ing pixels takes place directly in the origi-
nal images. During analogous features in 
epipolar geometry are localized on 
straight lines, now they have to be search-
ed for on complex epipolar curves.

A box in Figure 4 represents the ob-
ject hypothesis. The object‘s estimated 
position, relative speed and time to colli-
sion are printed in red.

Further challenges presented by a 
sideways-oriented pre-crash system are 
the short observation time and the ob-
ject‘s generally complex trajectory. Addi-
tionally, the long period has to be men-
tioned, for which a prediction needs to 
be made.

The fusion system, Figure �, joins 
matching video and radar objects togeth-
er and transfers them to the decision 
module. The combination of the two 
types of sensor makes it possible to avoid 
false alarms but, at the same time, to re-
main highly effective as regards the early 
detection of imminent side collisions.

The decision module produces a risk 
estimate, Figure �: it extrapolates from all 
the objects it identifies and calculates 
the time to collision (TTC). It decides 

whether it is physically possible to avoid 
a collision by braking or steering and cal-
culates a collision probability. If the TTC 
and the collision probability exceed cer-
tain limits, the actuator system is alerted 
(compare also with [5]).

The lines in Figure 6 indicate, by means 
of linear extrapolation, where an object 
will be one second later. Small red squares 
on the test vehicle show possible impact 
points. In a case like this, a signal needs to 
be sent to trigger the actuator system.

In order to test whether the sensor 
and fusion system worked, trials were 
conducted in the crash laboratory of the 
company TNO, in which a test sled ap-
proached the vehicle under test at differ-
ent angles at a speed of 50 km/h. Using 
an independent method, position and 

velocity of the sled were measured. The 
result: the system was capable of activat-
ing the additional impact protection ap-
proximately 200 ms before the expected 
crash – a major advantage over airbag 
systems, which can only be initiated 5 ms 
after impact.

The data diagrams a) to d) of Figure 7 
clearly show that the values calculated 
by the sensor system correspond to the 
actual positions during the crash test. A 
test sled approached at an angle of 37° at 
50 km/h up to approximately 2 m dis-
tance to the host vehicle. Diagram e) 
shows the time to collision (TTC) calcu-
lated by the system‘s algorithms. The 
side impact system is only triggered if 
the TTC values fall below 400 ms. Dia-
gram f) shows that the radar system 
achieved the additional threshold value 
of 80 % crash probability at the test time 
160.251 s, while the video signal for the 
left front section detected this threshold 
at 160.492 s. The actuator system is only 
triggered, when both thresholds of both 
sensors are exceeded. Hence, there was 
still sufficient time for the side impact 
protection to be reliably activated. Dia-
gram g) demonstrates that the data cal-
culated by the sensors for the time of 
crash (TOC) varied only negligibly from 
the actual values. Lastly, the diagram h) 
gives a bird‘s eye view of the movement 
of the test sled with the points calculated 
by the video and radar sensors.

Figure �: Results from side pre-crash detection, based on stereo analysis: on the left,  
an original image with the 3D points detected and their horizontal plane projection;  
on the right, a top view of the 3D points

Figure �: Scheme of the separate radar 
and video data before fusion
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3  Actuator Sub-System

Fatal injuries from a side impact nor-
mally occur within the first time seg-
ment (70 to 80 ms). These injuries are 
mainly caused by hard contact between 
the passenger and the interior fittings. 
There are narrow limits to what conven-
tional protection systems such as side 
airbags can achieve because the side 
structure has only a small energy-absorb-
ing zone.

Reducing the severity of a side impact 
required a two-pronged strategy. First, 
there had to be less structural deforma-
tion of the bodywork in the area where 
the occupant‘s life is at risk. Secondly, 
contact between the passenger and the 
interior fittings had to be gentler. In the 
context of Aprosys the developers con-
centrated on the first objective, that 
means on devices, which restrict penetra-
tion and thus reduce the deformation of 
the vehicle structure.

The aim was to evaluate the actuator 
sub-system through side impact tests 
with a deformable barrier. For this rea-
son, a test of this nature was carried out 
at the very start of actuator development 
both for reference purposes and to opti-
mize the simulation models (Chrysler 
Neon vehicles, model years 1994 to 1999, 
were used due to the availability of simu-
lation models). As a result of this study, 
important structures, which encourage 
deformation (B-pillar, rocker panels, 
roof, floor pan, doors), were identified 
and analyzed.

Various concepts for reducing penetra-
tion depth were examined: These includ-
ed among other things using strong bolts 
to join the doors to the bodywork, rein-

forcing the B-pillar and directing the im-
pact forces to those rigid vehicle struc-
tures not affected by the impact [7]. The 
latter concept turned out to be most ef-
fective. Diverting the impact forces ac-
tively opens up a new energy path during 
the initial contact phase and, as a conse-
quence, relieves the load on the B-pillar 
and in areas where occupant is seated.

The active device (actuator) realised 
in this concept is located on the impact 
side and consists of two parts. The first 
part is a self-rotating door post, normal-
ly in a vertical position. Before the vehi-
cle becomes involved in an accident, the 
door post moves in a horizontal posi-
tion, filling the whole door frame. The 
second part is a tube containing a spring-
loaded bolt, fitted crosswise in the seat, 
directly underneath the seat surface. 
When the sensors report an imminent 
crash, the spring-loaded bolt makes a 
rigid connection between the door and 
the transverse tube fitted in the seat. 

Figure 7: Data diagrams (explanations see text)

Figure �: The decision 
module‘s view of the  
traffic situation: the test 
vehicle fitted with the  
sensors is shown as a 
gray rectangle; the red 
rectangle is an object, 
which the video system 
has detected; the small 
white square is a radar  
reflection object (all dis-
tances in the diagram are 
given in m)
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This seals all the gaps between the outer 
metal skin and the seat.

Figure � shows the tube actuator‘s de-
sign principle. A bolt (1), normally seated 
in a housing, can be propelled by a pre-
loaded steel spring (3) from its original 
position (in the seat frame) to its activat-
ed position. In this activated position, 
the point of the bolt is guided by a mat-
ing piece in the door paneling (4). Small 
radially-mounted, expandable compo-
nents (2) lock the bolt into position and 
prevent it from being pushed backwards. 
The trigger mechanism, which initiates 
the movement of the bolt, consists of two 
main parts: a small lever arm, which in-
teracts with the rear end of the bolt (5), 
and a shape memory alloy wire (6), 
which, when activated, pulls the lever 
arm so as to release the bolt.

The transverse tubes of the actuator 
sub-system in the seats and the reinforce-
ment in the center tunnel area can be 
clearly seen in Figure 9. The gap between 
the driver‘s seat and the reinforcement in 
the driver‘s door is sealed by the actuator; 
on the front-passenger side, the impact 
energy is diverted to the rocker panel.

3.1  Shape Memory Alloy Principle
Once both the concept and design for the 
actuator system had been established, the 
final actuator prototype was produced. It 
is fitted with a release mechanism, consist-
ing of a shape memory alloy (SMA) wire 
[6]. It is well suited to the Aprosys project‘s 
time-critical safety application. Smart ma-
terials like sheet-like shape memory alloys 
or piezo-ceramics are not yet used as 
standard in crash applications.

The design principle of SMA is based 
on regrouping the molecular lattice. 
When heated, the material distorts; when 
cooled, it returns to its original shape. 
Several ways of heating an SMA module 
were examined. Using the vehicle‘s cool-
ant, engine oil or chemicals was rejected 
due to safety risks. It was therefore decid-
ed to heat the module using electricity 
from a capacitor, which is charged by the 
vehicle‘s battery. A microcontroller real-
ises the communication with the sensor 
system via the CAN bus and controls the 
activation of the SMA wire.

3.2  Actuator‘s Performance
The actuators and all the system compo-
nents were installed in test vehicles and 

Figure �: Tube actuator‘s design principle  
(top: initial position; bottom: position after activation)

Figure 9: The actuator system, installed in a test vehicle
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the development process was greatly as-
sisted by simulation. The component 
tests evaluated the SMA actuator‘s me-
chanical performance and response 
time. The tests demonstrated the desired 
response time and clear repeatability; 
the actuator moved the bolt (approxi-
mately 400 g) 115 mm in 60 ms.

Four side crash tests with deformable 
barrier based on EuroNCAP, produced 
reference and improvement values for 
penetration depth at the B-pillar. The 
values for a production vehicle without 
actuator were 488 mm; and 418 mm for 

a vehicle with optimized actuator. With 
an actuator, the penetration depth, 
 Figure 10, was significantly less, especial-
ly in the passenger seat area. During 
simulation runs in a variety of collision 
scenarios (collisions with vehicles or 
poles, at different impact angles and 
speeds), the actuator system showed it-
self to be robust, reducing the penetra-
tion depth in every case.

The essential gain produced by the 
actuator system is a reduction in the 
depth and velocity of penetration over a 
large area of the door. Interior protec-

tion systems (airbags) are given more 
time and space to deploy more effective-
ly; the impact against the occupant is 
delayed, thus enabling the impact forces 
and other biomechanical values to be 
reduced. The depth of penetration is re-
duced precisely at the spot where the oc-
cupant is seated; survival space and time 
are won.

�  Evaluation of the  
Side Pre-Crash System

The final project phase saw an intensive 
series of tests for the side pre-crash sys-
tem carried out using an evaluation 
methodology developed by Aprosys [8]:
–  Evaluation of system behavior under 

normal driving conditions (false alarm 
rate and comfort aspects) using set 
maneuvers and a field trial: This test 
cluster concentrated on the sensor 
and decision system. The field trial 
was conducted over a distance of 
2000 km through France, Italy, Aus-
tria and Germany and produced a to-
tal of 60 system false alarms. Although 
the system under consideration is re-
versible, this number of false alarms 
is too high for a series production 
product. However, the number can be 
reduced to an acceptable level by fur-
ther optimization.

–  Evaluation of the impact detection 
rate: the test conditions were based on 
the most important accident scenari-
os, taking system and test laboratory 
restrictions into account. Here, too, 
the focus was on the sensor and deci-
sion system.

–  Evaluation of crash performance: a 
test protocol, based on the EuroNCAP 
side impact test, was chosen for this. 
Penetration depth and velocity were 
measured.

The whole integrated system was subject-
ed to a performance test as the final crash 
trial. It should be borne in mind that the 
radar system‘s impact detection rate 
might possibly have been smaller due to 
the test environment in an enclosed hall. 
In addition, the floodlights installed for 
the high-speed cameras reduced the effec-
tive range of the stereo camera by more 
than half. Instead of a surveillance range 
of 20 m, a range of only 8 m was in effect 
available. The sensors needed to be adjust-

Figure 10: Crash analysis in detail: over a wide area, the penetration depth is reduced by 
more than the target of 50 mm
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ed to compensate for these disadvantages. 
Despite the unfavorable conditions, the 
sensors identified the imminent accident 
approximately 321 ms before the collision 
and triggered the side impact protection 
system in good time.

�  Conclusion

Over the next few years, more and more 
cars on our roads will be equipped with 
environmental sensors, making pre-
crash data available in good time. SMA 
actuators will also have a place in auto-
motive engineering. 

The conventional passive safety sys-
tems in vehicles can be significantly im-
proved by using environmental sensors. 
Knowing that an accident is about to hap-
pen and where the impact will occur 
opens up many possibilities for providing 
vehicle occupants with better protection. 
Once there is a growing market for sys-
tems, which give early warning of rear-
end collisions or of the vehicle leaving the 
road, systems for detecting side collisions 
will be available shortly afterwards.
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New Airbag Technologies  
Micro Module by Vacuum Folding
The development of airbag modules requires safe fulfillment of legal standards and technical speci-
fications. In many cases this means a limitation to the realization of new designs. With its vacuum 
folding technology and micro module concept, Takata-Petri offers an innovative approach to realize 
revolutionary or retro designs not alone in vehicle studies but also to bring them onto the streets as 
series applications.
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1  Market Requirements

Studies introduced at the IAA or the Ge-
neva Motor Show show more and more 
airbag modules with grossly reduced 
packages. The presented designs often re-
mind us of steering wheels from times 
when there were no airbags yet. If we 
want to fulfill such design wishes of 
steering wheels that come from almost 
every car manufacturer all over the mar-
kets, it will be necessary to reduce the 
package dimensions for airbag modules 
significantly. Here, challenging demands 
are made on the developers as in terms 
of performance of the airbag where no 
cut backs can be allowed. Takata-Petri 
took up this challenge and developed 
vacuum-folded airbags in a classical pre-
development project from the idea to 
readiness for start of production. Mean-
while, the technology has left the status 
of pre-development and is being devel-
oped for several customers in application 
projects intended for the next genera-
tion of vehicles.

While the reduced package on the 
driver side mainly results in design bene-
fits, the additional space on the passen-
ger side is especially valuable for bigger 
glove boxes, cable channels, ventilation 
ducts, etc. The requirements a vacuum-
folded airbag system has to meet do not 
differ from the ones that a conventional-
ly folded module has to offer.

Hence, the respective crash load cases 
in legal and consumer tests should be 
met with best ratings. Thus, it becomes 

necessary to provide the protection po-
tential of the system as soon as possible 
on the one hand. Filling times for the air-
bag of the driver side are between 25 ms 
and 30ms and on the passenger side be-
tween 35 to 40 ms. On the other hand, 
the system has to fulfill its task as a life-
saver for all sorts of occupants. To do so, 
several dummies are applied to adapt 
the frontal restraint system to the respec-
tive conditions. The 95-ile dummy (which 
corresponds to a big and heavy-weight 
man), the 50-ile dummy (which repre-
sents the average citizen) the 5-ile dum-
my (which corresponds to a small and 
lightweight woman) and the child dum-
mies mirror nearly the complete spec-
trum of possible vehicle occupants.

First, this becomes true for occupants 
sitting correctly in the vehicle. But also 
occupants being so-called “out-of-posi-
tion” must not be put at any risk by a 
modern airbag system.

The function of the component “air-
bag” is mostly defined by the Statement 
of Requirements issued by the different 
car manufacturers. This means, e.g., that 
an airbag module has to guarantee its 
full function over a period of at least 15 
years. Full functionality includes that 
the airbag has to show an almost identi-
cal deployment behavior in a tempera-
ture range from -35° C to +85° C. After 
firing the airbag, no fragments or parts 
must peel off from the airbag module. 
Additional tests with the airbag exposed 
to salt spray, humidity, heat, vibrations, 
electromagnetic rays, etc. must not re-
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Figure 1: Size comparison 
between a conventional  
airbag module and a vacuum 
folded airbag module
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sult in any functional failures. All these 
requirements are fulfilled with the new-
ly developed folding method just as well 
as with conventional modules. 

2  Vacuum Folding – Description and 
Application

For integrating an airbag into the availa-
ble package space, it is necessary to fold 
it. For the performance of the system the 
deployment kinematics of the airbag are 
of outstanding importance. Kinematics 
can be controlled by the airbag folding 
and this is the reason why vehicles mean-
while saw a variety of folding schemes 
for their airbags. These foldings are 
adapted to the airbag size, the require-
ments of the restraint system and the 
size of the car interior- only to mention 
some of the criteria to consider. For many 
years now, the fully automated slider 
folding patented by Takata-Petri, the so-
called Petri folding for driver and passen-
ger airbags, has proved its value. Many 
millions of cars are already equipped 
with airbags folded like this.

Conventional folding methods need 
about 0.6 l folding volume for a standard 
airbag (siliconized fabric, integrated teth-
ers) with an operating volume of 60 to 65 
liters on the driver side. Vacuum-folded 
airbags are able to reduce the folding vol-
ume for the same airbag to approximate-
ly 0.35 liters. On average, a reduction of 
the folding volume of 35 to 50 % can be 
achieved, depending on the design of the 
bag. Figure 1 shows a conventionally fold-
ed airbag module compared to a vacu-
um-folded module. On the passenger 
side, package reductions of up to approx-
imately 50 % are possible. In Figure 2 we 

can see a vacuum-folded passenger air-
bag in a housing designed for an identi-
cal airbag but without vacuum folding. 

In order to achieve such package siz-
es, the airbag is first laid flatly on a fold-
ing table. Then four sliders form the air-
bag into the desired basic shape. A punch 
showing the same dimensions as the ba-
sic area presses the reduced package into 
the cup-shaped underlay foil. After-
wards, a vacuumization unit integrated 
in the folding machine evacuates the 
ambient air so that the underlay foil can 
be welded with the upper foil. The re-
turn to the original condition of the am-
bient pressure produces the final shape 
of the airbag package. Figure 3 gives an 
impression of a driver airbag welded into 
a foil and folded by machine. This tech-
nology is used by default in the pharma-
ceutical and food industry so that we 
had an approved technology to rely on. 
The focus of development was on the in-

tegration of the vacuum technology into 
the existing folding machines and to 
adapt the design of the folded package 
according to automotive criteria. This 
made it necessary to develop new foil 
technologies. The development was 
aimed at reaching the required 15 years 
of functionality of the vacuum package 
and at making sure the robustness of the 
module over the temperature range dur-
ing the highly dynamical airbag deploy-
ment process. The foil is not allowed to 
produce any delays in the deployment 
behavior of the system. All these chal-
lenges have been mastered and mean-
while there is already the next genera-
tion of upper foils available. 

On their surface they have imprinted 
warnings thus allowing the substitution 
of softcovers which have been used so far. 
If necessary, the upper foils can also be 
equipped with integrated opening con-
tours. They simulate the course of the 
airbag cover split-lines and do thus pro-
vide a synchronous opening behavior of 
cover and foil even for complicated air-
bag cover designs. Production lines 
which allow for the integration of this 
technology into the existing folding proc-
ess are available in manufacturing. A 
highly automated folding process com-
bined with an easy-to-mount micro mod-
ule concept guarantees that the increase 
of cycle times in production does not 
have any adverse effects on the efficiency 
at all. This makes it possible to provide 
the technology for vehicles coming in 
high quantities.

Figure 2: Design space potential for a passenger airbag by using vacuum folding technology

Figure 3: Vacuum 
folded standard 
driver airbag
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3  Micro Module Concept –  
Driver Side and Passenger Side

The micro module unites technical inno-
vations such as vacuum folding technol-
ogy, new and lightweight gas inflators, 
lighter airbag fabrics with the current 

standards like 64-liter airbag and oop-op-
timized opening concepts of the airbag 
cover. Moreover, a mounting concept free 
of screws and rivets corresponds to the 
requirements of highly automated and 
perfect production processes. Figure 4 
shows the exploded view of an airbag 

module concept “optimized footprint” 
with vacuum-folded airbag. This driver 
module consists of standard components 
that are already available. Provided the 
module has a square footprint, the de-
sign allows a side length of 97 mm and a 
module height of 100 mm. Additional 
package optimizations such as lighter 
fabric (235 dtex) e.g., make it possible to 
reduce the side lengths under 90 mm 
and the heights to 80 mm. Package-opti-
mized modules can achieve minimal 
heights of 40 mm if the side lengths are 
about 102 mm. The micro module con-
cept, however, is not restricted to angu-
lar cross-sections. It can also serve for 
round module shapes as well as for con-
cave or convex-bent outside surfaces. Fig-
ure 5 gives an example of how much the 
height of an identical airbag module can 
be reduced if vacuum folding is used. 

The airbag cover which is optimized in 
terms of weight and performance consists 
of thermoplastic material developed by 
Takata.  This material stands out due to its 
low density and constant material charac-
teristics at high and low temperatures. 
Due to its quality features it is already 
used in series production. The retainer is 
made of steel as it has thinner walls than 
the cover. A thermoplastic version, howev-
er, is possible too when it comes to bigger 
dimensions. The gas inflator used is a py-
rotechnical, single-staged variant from 
the Takata-Petri product portfolio. Diffus-
er and airbag form a joint package. The 
several components are connected by 
bond clamping. The fixation with the 
steering wheel can be realized by screw-
ing or snapping-in. Additional equipment 
like dual-staged inflator, vibration absorb-
er or adaptivity can be integrated by mod-
ules when it is required. The driver airbag 
variant displayed in Figure 4 has a total 
weight of 820 g.

The concept for the passenger side es-
sentially corresponds to the bond clamp-
ing on the driver side. Here, the shrink-
wrapped airbag package is clamped by 
attachment strips to the housing. The 
smaller airbag package may reduce the 
weight of the housing by up to 35 % as 
shown in Figure 2. Due to the modular 
concept, the system might be adapted ac-
cording to the requirements as well; i.e., 
mounting of single or dual-staged infla-
tors with different performance is possi-
ble without changing the design, and a 

Figure 4: Exploded view of a 
micro module

Figure 6: Initial phase of a static 
deployment test at -35° C of a  
driver airbag

Figure 5: Height reduction of an airbag module by vacuum folding
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variety of airbag sizes and shapes as well 
as adaptivity is individually applicable. 

4  Component Performance

The vacuum folding developed by Takata 
does not lead to any delay in the airbag de-
ployment behavior, nor does it change 
the performance of the component.  High-
est capability has been proven in both 
trigger tests and environmental simula-
tions. Altogether, about 200 static deploy-
ment tests have been conducted over the 
complete temperature range. Figure 6 
shows the initial phase of an airbag trig-
ger test at -35°C. Depending on the cus-
tomer’s Statement of Requirements, this 
means for instance testing for heat aging, 
humidity, dust, or salt spray. But also 
standardized tests such as environmental 
simulations according to AKLV 01 have 
been successfully conducted. Not only 
new and undamaged airbag packages 
have been mounted into the modules, but 
also damaged and perforated ones in or-
der to detect possible damages in the fab-
ric caused by penetrating humidity. All 
tests conducted were not only passed suc-
cessfully but it was also possible to prove 
an increased protection potential for the 
airbag as it is additionally protected 
against humidity and dust by the foil.

Discussions with car manufacturers 
and the growing experience with the 
new product resulted in further exami-

nations. One of the biggest concerns of 
quality managers was, for example, what 
would happen to the appearance of the 
airbag if the vacuum package lost its den-
sity over the years. Is the escalating air-
bag able to exert so much force on the 
airbag cover that the split-off lines of the 
covers might become visible to the cus-
tomer? To answer this, airbag packages 
in mounted modules have been de-
stroyed at defined moments. The forces 
the damaged airbag package develops to 

press against the cover were measured 
on test benches specially developed for 
this purpose. The results showed that 
just after less than two weeks the airbag 
kept its micro shape and, hence, there is 
no loss of quality to expect. Further in-
vestigations should reveal if the high 
packing density in such a small package 
might bend or fold the airbag fabric in 
such a way that it might be damaged. For 
this, microscopic analyses have been 
done with new and aged fabrics, Figure 7. 
With exceptions on single filament level, 
no damages at the airbag fabric could be 
detected. Also in this case, any custom-
er’s concern could be allayed. 

The robustness of the clamping connec-
tions and the strength of the module have 
already been tested and optimized by nu-
merical simulation before the first proto-
type had been available. Therefore, the ge-
ometries have been modeled with maxi-
mum accuracy on the basis of Finite Ele-
ments. All used components are modeled 
with the respective materials and connect-
ing elements and fully deformable. A virtu-
al folding process displaying the real proc-
ess in any detail led to an airbag package 
that in terms of size and draping of the 
folds is almost identical to the real pack-
age. The model even considers the foil used 
for the folding package, Figure 8. 

Both the opening behavior of the air-
bag cover and the integrity of the module 

Figure 7: Microscopic analysis of a vacuum folded airbag fabric

Figure 8: Explosion view of a FEM model from a micro module incl. foil and pictures of a  
simulated deployment behaviour 
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as well have been analyzed by computer 
for several temperatures. The airbag simu-
lations have been performed by standard 
solvers for the automotive industry. 

5  Restraint System Performance –  
In and Out of Position

A small and compact airbag module does 
not automatically mean compromises for 
the performance of the restraint system in 
so-called in- and out-of-position cases. The 
present concept is even able to significant-
ly fall below legal and customers’ require-
ments. The small airbag footprint and the 
resulting smaller cover segments offer the 
airbag enough space to deploy free in out-
of-position situations. The reduced pack-

age volumes allow for large-scale dished 
module concepts. The upper edge of the 
module is located as distant as possible un-
der the steering wheel rim level and thus 
fulfils one of the basic conditions for a very 
good behavior when being out-of-position.  
Studies using the smallest possible mod-
ules did not show any irregularities that 
could have adverse effects compared to 
conventional modules. Figure 9 shows a 
comparison of the deployment process be-
tween a conventional module and a micro 
module in an out-of-position case. The vac-
uum-folded module, however, has a quite 
better deployment behavior because the 
airbag does not expand too much into 
head direction and, hence, neck forces and 
moments can be held on a lower level.  The 
values achieved in position I and II are be-

low the 70 to 80 % of the sharp American 
limits according to FMVSS208 that are re-
quired by the car manufacturers.

As mentioned in chapter 4, conventional 
modules and vacuum-folded modules reach 
identical filling times in static deployment 
tests. This is why there are no differences be-
tween the two module types when used in 
restraint systems. The energy absorbing be-
havior does not show any differences be-
tween them, Figure 10. The occupant protec-
tion values achieved in different in-position 
configurations (normal occupant positions) 
in full scale and sled tests correspond to 
those of conventional modules.  The vacu-
um folding evidently does not result in any 
disturbance of the system performance. 

6  Outlook

Apart from spectacular new steering 
wheel designs, Figure 11, the integration 
of small and compact airbag units also 
offers the chance of generating more 
space to integrate further functions such 
as vibration motors for warning the driv-
er, additional switches, etc. On the other 
hand, a small, package- and weight-opti-
mized airbag module contributes to the 
weight reduction of the vehicle finally 
leading to less gas consumption and CO² 
-emissions. Within t has proven that the 
vacuum folding technology has reached 
the necessary maturity degree for series 
production. This has already been award-
ed by some car manufacturers by placing 
concrete application orders at Takata. 
Thus, a new era has begun for frontal air-
bags. An adaptation of this technology 
for side airbags is under way. n

Figure 9: Out of position 
 behaviour (Position 2) 
 comparison between a 
 conventional airbag module 
and a vacuum folded airbag

Figure 11: Future steering wheel design

Figure 10: Identical energy absoption performance of a standard airbag module and  
a vacuum folded module at a pendular test
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The Dynamic Performance 
Control from BMW

The new BMW X6 is the most sporty member of the BMW X model family. As well as having 
xDrive, the intelligent four-wheel drive system, it is the first car to be equipped with torque 
vectoring technology (Dynamic Performance Control) as standard, for targeted optimisa-
tion of driving dynamics.
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1  Introduction

The innovative Dynamic Performance 
Control system in the BMW X6 opens up 
a new dimension combining powerful 
drives and sports chassis. It continues 
the xDrive idea of variable drive torque 
distribution in order to optimise driving 
dynamics: Torque is distributed to the 
rear wheels according to requirements, 
thereby increasing not only driving safe-
ty and traction, but in particular, the 
car‘s agility. Therefore, Dynamic Per-
formance Control represents the logical 
and consistent further development of 
xDrive four-wheel drive technology at 
BMW, based on controllable torque dis-
tribution systems. A revolutionary archi-
tectural approach has been taken for in-
tegrating this in conjunction with driv-
ing dynamics control systems. The final 
drive is the modern form of a patent filed 
in the 1930s.

2  Functional Characteristics  
and Customer Benefits  
in Terms of Driving Dynamics

The primary development targets were 
to achieve excellent driving dynamics 
and maximum driving safety. In addi-
tion to the driving dynamics control sys-
tems familiar from the X5 (Dynamic 
Drive, Electronic Damper Control (EDC), 
Active Steering, Dynamic Stability Con-
trol (DSC) and distribution of drive torque 
between the front and rear axles accord-
ing to requirements by xDrive), the rear 
axle of the X6 is the first to feature Dy-
namic Performance Control as standard. 
This torque vectoring system (TV system) 
makes it possible to impress a yaw mo-
ment on the car by means of a variable 
differential torque which can be set inde-
pendently of the drive torque. In terms of 
the car, this allows both agility and sta-
bility to be increased as well as traction.

2.1  Functional Characteristics of 
 Dynamic Performance Control in  
Terms of Driving Dynamics 
The yardstick for the Dynamic Perform-
ance Control application is neutral self-
steering properties right up into the 
limit range of driving dynamics. Right 
from the start of steering from straight-
ahead travel, a differential torque be-

tween the rear wheels establishes a veer-
ing-in yaw moment that causes the car to 
spontaneously follow the steering angle 
specified by the driver, Figure 1, driving 
situation 1. This allows the agility of the 
car to be improved irrespective of the 
friction coefficient conditions. When 
taking a bend, the drive torque is sent to 
the rear axle by xDrive. In conjunction 
with a differential torque that is higher 
according to the lateral acceleration, the 
neutral self-steering properties are re-
tained throughout the entire lateral ac-
celeration range, Figure 1, driving situa-
tion 2. The car responds more directly to 
steering commands when taking a bend, 
due to the reduced tyre slip angle on the 
front axle. Directional accuracy increases 
significantly when a small steering angle 
is required, Figure 2.

Thanks to Dynamic Performance Con-
trol, the car displays neutral self-steering 
properties under all friction coefficient 
conditions and across the entire lateral 
acceleration range, agile steering proper-
ties and increased steering precision.

2.2  Driving Safety with  
Dynamic Performance Control
As well as increasing lateral dynamics, 
Dynamic Performance Control in the X6 
is also used for stabilising the driving 
properties. Similarly to DSC, a corrective 
yaw moment is generated in dynamically 
critical driving situations, without how-
ever having to brake a wheel using the 
service brakes and thereby losing for-
ward momentum, Figure 1, driving situ-
ations 5, 6 and 7.

Cushioning of load change responses 
is an example of this. When taking a bend 
with high lateral acceleration, a load 
change in the drive torque leads to a veer-
ing-in yaw reaction, which can result in 
oversteer under certain circumstances de-
pending on the friction coefficient condi-
tion, car speed and load. In this situation, 
xDrive shifts the drive torques to the front 
axle. It is possible to impose any yaw mo-
ment on the car with Dynamic Perform-
ance Control, both when under traction, 
without load or in overrun condition, 
thereby establishing a veering-out TV mo-
ment on the rear axle. This stabilising dif-
ferential torque results in a yaw reaction 
that is always consistent, with a slightly 
veering-in effect, but one which always 
remains controllable and therefore safe.
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Close to the dynamic driving limit 
range, but before reduction in drive 
torque or brake intervention, Dynamic 
Performance Control achieves stable 
and therefore safe driving properties. 
When approaching the dynamic driving 
limit range, the veering-in differential 
torque is reduced and a stabilising yaw 
moment is established. Even in these 
driving situations, the car remains pre-
dictable and safe.

2.3  Traction
The X6 with Dynamic Performance Con-
trol also possesses the functional benefits 
of a self-locking differential. If differential 
slip occurs between the two wheels of the 
rear axle, Dynamic Performance Control is 
used for improving traction. This applies 
both when accelerating on different fric-
tion coefficients and when the load on the 
wheel at the inside of the bend is reduced 
when taking a bend at speed. In both cases, 
more drive torque is supplied to the wheel 
with the higher friction coefficient. The 
car accelerates significantly faster com-
pared to a car with a conventional final 
drive and brake intervention. Excess drive 
slip is avoided, therefore the lateral force 
potential increases significantly and driv-
ing safety is further enhanced.

3  Control System and  
Functional Integration in the ICM

Parallel operation of several driving dy-
namics control systems requires an inte-

grative approach in which the driving 
dynamics potential is exploited to the 
full in every control system combination. 
For this purpose, a central ICM (Integrat-
ed Chassis Management) control unit is 
used in the X6 for the first time. It con-
trols the available actuators so that opti-
mum driving properties can be achieved 
in all configurations.

The most important precondition for 
functional integration in the ICM is de-
coupling the function from the actuator. 

For this purpose, an architecture has 
been developed for simultaneous and co-
ordinated control of all systems. Func-
tional integration of the available actua-
tors and coordinated use of the effective-
ly expanded adjustment potential has 
made it possible to achieve the driving 
dynamics targets specified for the X6. 
Figure 3 shows part of the entire function-
al architecture, the central driving dy-
namics module. The most important 
functional blocks are the modules of pre-

Figure 2: Reduced steering angle requirement and improved directional accuracy. Under-
steering car without Dynamic Performance Control (top left), steering precision and steering 
angle requirement when taking a bend without Dynamic Performance Control (top right), 
neutral cornering with veering-in differential torque by Dynamic Performance Control 
 (bottom left), steering precision and steering angle requirement with Dynamic Performance 
Control (bottom right)

Figure 1: Understeer avoidance and car stabilisation
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control, reference evaluation and driv-
ing situation detection, disturbance in-
trusion, lateral and longitudinal dynam-
ics controllers as well as prioritisation 
and allocation.

3.1  Pre-control
Pre-control slices for Active Steering and 
Dynamic Performance Control are calcu-
lated in this module in order to improve 
directional accuracy and reproducibility. 
The specifications show a straightfor-
ward dependency between driver input 
and driving speed. 

3.2  Reference Evaluation and Driving 
Situation Detection
The nominal value for the controller is 
calculated in the reference evaluation 
and driving situation detection func-
tion module, based on the pre-control 
values. Furthermore, indicators for dif-
ferent driving situations such as under-
steer or oversteer are calculated in this 
module. Based on the indicators, inter-
vention criteria for the various actua-
tors are calculated in subsequent func-
tion modules.

The nominal yaw rate calculated us-
ing the car model is not only used inside 
the ICM as a central reference variable, 
but is also used as a communal reference 
variable by external partner control 
units, specifically DSC.

3.3  Control: Lateral and Longitudinal 
Dynamics
The control slices required for optimis-
ing driving properties in the normal and 
transitional ranges are calculated in this 
module. The control functions are divid-
ed into longitudinal and lateral car dy-
namics. The objective is, firstly, to mini-
mise deviations between the actual and 
nominal yaw rates using Dynamic Per-
formance Control and Active Steering. 
Secondly, a TV moment for improving 
traction is requested in the ICM via the 
longitudinal controller. The first step in 
prioritisation between lateral and longi-
tudinal dynamics control is performed 
by means of wheel slip monitoring.

The output signals are the parameters 
of target yaw moment (lateral dynamics) 
and wheel differential torque (longitudi-
nal dynamics). These are communal and 
can be converted into actuator-specific 
control variables for all systems.

In addition to the TV moment, brake 
intervention at the front axle is required 
in order to assist traction in some driv-
ing situations, e.g. µ-split moving off, in 
order to ensure traction and component 
protection, Figure 4. In special cases, a 
braking torque is also superimposed on 
the TV moment on the rear axle.

The brake control system takes over 
the task of drive stabilisation in the dy-
namic driving limit range.

3.4  Disturbance Intrusion
Disturbance influences on the car, e.g. a 
yaw moment caused by longitudinal dy-
namics effect, can typically only be par-

Figure 3: Functional structure of the central driving dynamics module

Figure 4: Superposition of TV and brake control for µ-split moving off
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tially compensated for by a controller. In 
accelerated cornering, dynamic axle load 
distribution leads to a stronger tendency 
for the car to understeer. To achieve the 
required neutral self-steering properties 
in this situation as well, the veering-in 
differential torque is increased on the 
rear axle according to the longitudinal 
acceleration.

3.5  Prioritisation and Allocation
The task of this module is to prioritise 
and allocate actuation requests to the 
driving dynamics actuators. The target 
yaw moment and wheel differential 
torque is divided up according to the fol-
lowing criteria:

–  car equipment (car dynamics control 
systems)

–  system availability
–  driving situation
–  range of action of the driving dyn- 

amics control systems.
Complete implementation of the input 
request is aimed for in this case, from a 
functional perspective.

One aspect of the distribution logic will 
be explained taking the example of the di-
vision of tasks between Dynamic Perform-
ance Control, Active Steering and the tar-
get yaw moment. The functional logic is 
shown in a simplified form in Figure 5.

The target yaw moment to be set by 
the Dynamic Performance Control is 

transferred to the actuator as a differen-
tial torque. If complete implementation 
of the TV moment cannot be achieved 
due to the aforementioned intervention 
criteria, then the remaining stabilisation 
task is taken over by Active Steering. This 
can apply the remaining target yaw mo-
ment by means of steering intervention, 
following corresponding transformation 
of the control variable.

A comparable transfer of the TV mo-
ment to another actuator takes place 
when narrow bends are involved. Due to 
the design of Dynamic Performance Con-
trol, it cannot transfer any further torque 
to the wheel on the outside of the bend 
at high wheel differential speeds (see 
3.3), therefore the TV moment is convert-
ed into a target yaw moment for the 
brake control system, based on a geomet-
rical model in the ICM. To maintain a 
balanced distribution of longitudinal 
torque, the DSC not only applies a brake 
torque to selected wheels, but also in-
creases the engine torque. In special situ-
ations (such as ABS braking), DSC can al-
so suppress the TV moment for an indi-
vidual direction in part or in full by 
means of an interface.

4  The Dynamic Performance  
Control Final Drive

More than 100 principles for superposi-
tion gears were analysed in the process 
of finding the concept. More than 40 cri-
teria were taken into account in the con-
cluding technology evaluation.

The basic preconditions are compati-
bility with other driving dynamics sys-
tems, compliance with safety require-
ments and a robust structure in terms 
of mechanical, actuator, electric/elec-
tronic systems and the oil circuit. It is 
strategically relevant to have a scalable 
basic concept in terms of size, ratio 
range and functional requirements. The 
factors which have the greatest impor-
tance in terms of function are dynam-
ics, accuracy and reliability of position-
ing procedures throughout the entire 
lifecycle, followed by the ability to with-
stand the widest possible range of tem-
peratures. Component weight and effi-
ciency in straight-ahead driving are the 
dominant mechanical criteria for con-
cept selection.

Figure 5: Simplified functional logic for the distribution between Dynamic Performance 
 Control, Active Steering and target yaw moment

Figure 6: Final drive of BMW Dynamic Performance Control
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4.1  Concept Characteristics
The basic gearbox with hypoid gear set 
and bevel gear differential is arranged in 
the middle of the aluminium housing. 
The gear set is mounted in angular-con-
tact ball bearings, thereby delivering a 
significant contribution to achieving the 
best possible efficiency.

The superposition units are arranged 
on both sides. Each of these comprises a 
double planetary gearbox and multi-disc 
brake actuated by electric motor, Figure 6 
and Figure 7.

The gearbox is filled with two differ-
ent synthetic oils, formulated to match 
the total car lifecycle. The basic gearbox 
is filled with a hypoid oil, while the oil 
used in the superposition units is opti-
mised in terms of the friction behaviour 
in the multi-disc brakes. The separation 
of the oil space permits oil distribution 
throughout the basic gearbox so as to op-
timise efficiency, combined with an in-
dependent, function-oriented oil circuit 
in the superposition units. See [1] for 
more information.

4.2  Functional Principle
The system behaves like a final drive with 
open differential in driving situations 
without torque transfer. When there is 
no speed difference between the left and 
right wheels (driving straight ahead), the 
planetary drives of the superposition 
units circulate in a block. The inner discs, 
which are fixed to the planet carrier, ro-
tate with the speed of the wheel, in con-
trast to the outer discs that are fixed onto 
the housing. When there is a speed dif-
ference between the left and right rear 
wheels (taking a bend) then the differen-
tial compensates for the speed difference. 
In response to the speed difference be-
tween the inner and outer sun wheels, 
the planet gears roll and the planet carri-
ers rotate without load.

In driving situations with torque su-
perposition, the planet carrier is braked 
in relation to the housing by means of 
the multi-disc pack. As a result, the cor-
responding outer sun wheel is acceler-
ated in favour of the output end due to 
the selected ratio of 10 % in the plane-
tary drive, thereby establishing a torque 
flow from the differential cage via the 
planetary drive onto the wheel. Both 
wheels are driven with different torque 
levels.

Even without input torque, rolling of 
the planetary drive can be forced by means 
of the multi-disc pack. The outer sun wheel 
turns faster than the differential housing, 
therefore causing a positive torque flow to 
the actuated end due to the summation 
effect of the differential, Figure 7.

4.3  Differentiation from the  
Competition
Several aspects differentiate Dynamic 
Performance Control from other tech-
nologies available on the market for in-
dividual wheel drive torque distribu-
tion. Lockable final drives – which are 

Figure 7: Summary of torque flow

Figure 8: System overview – Components in the car
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sometimes incorrectly put into the 
group of TV systems – do not make it 
possible to set a torque difference be-
tween the driven wheels. A lock limits 
the differential effect by equalising the 
speeds of the wheels with the objective 
of increasing traction, whereas a TV 
gearbox on the driven axle permits ac-

tive yaw moment imposition on the car 
similarly to intervention at the wheel 
brake, however without incurring its de-
celerating effect.

The advantage compared to clutch-
based torque distribution systems with-
out a differential lies in the lack of de-
pendency between torque distribution 

and drive torque. This means control 
over the car is boosted even when there 
is a load change during a bend or when 
driving downhill.

Compared to versions with a „stepped 
up“ clutch which transmits the entire 
superposition torque, the main customer 
benefit in terms of efficiency lies in the 
lower losses when driving straight ahead. 
This driving situation is particularly rel-
evant for everyday use, and in it the plan-
etary drive circulates in a block without 
rolling the gearing. This minimises the 
torque losses caused by the superposi-
tion units, and creates the basis for an 
axle gearbox concept that offers opti-
mum efficiency.

The selected ratio of 0.9 in the plane-
tary drive covers all situations that are 
relevant in terms of driving dynamics. 
Cornering radii close to the turning cir-
cle limit are deliberately excepted. Cov-
ering this range would entail a greater 
relative speed between the inner and 
outer discs, thereby not only worsening 
the efficiency but also leading to greater 
heat input.

Both in terms of gearbox weight and 
for the positioning dynamics, it is advan-
tageous for the brake torque to be boost-
ed by the transmission ratio of the plan-
etary drive, thereby allowing the disc 
pack and the corresponding actuation 
device to be designed for lower maxi-
mum torques.

5  Fulfilment of the Required  
Driving Dynamics Functions

The actuator control unit of Dynamic 
Performance Control converts the nomi-
nal value specification from the ICM into 
a corresponding command for the elec-
tric motors of the final drive, Figure 8.

5.1  Representation of  
Torque Distribution
It is a precondition of harmonious driv-
ing that the torque should be distributed 
between the rear wheels quickly, accu-
rately and individually.

The system meets this requirement 
because the actual torque follows the 
nominal torque throughout the entire 
range of action in less than 100 millisec-
onds, with an accuracy of at least ±10 %, 
Figure 9.

Figure 9: Torque jump

Figure 10: Ball-in-ramp track
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The hardware preconditions for high 
dynamic performance are based on 
asynchronous electric motors operated 
using field-oriented control.

The motor position is detected by an 
angle sensor and assigned to the brake 
torque by means of a characteristic curve.

The rotational movement of the elec-
tric motor is transferred to the ball-in-
ramp by means of a spur gear stage. The 
ball-in-ramp converts the rotational 
movement into an axial stroke, thereby 
closing the multi-disc brake and gener-
ating the brake torque.

The ball-in-ramp is configured with 
two different gradients: The steep range 
is used for rapidly covering the air gap 
between the discs, whereas the low gra-
dient permits the required TV moment 
to be set precisely, Figure 10.

5.2  Overrunning Calibration
It is necessary to know all influencing 
factors (including hysteresis, tempera-
ture, wear) to achieve consistent position-
ing accuracy throughout the entire serv-
ice life.

Determining the „0 Nm point“ (kiss 
point of the multi-disc brake) and the 
ball-in-ramp gradient in the working 
range are of central importance. The kiss 
point and ball-in-ramp gradient are de-
termined after each journey as part of 
wear adaptation. The values are stored 
in the Dynamic Performance Control 
unit and used the next time the engine 
is started.

5.3  Component Load
The rotation speed and TV moment are 
monitored to avoid damage to the plan-
etary drives in special situations with in-
tensive loadings, and in case of misuse.
If there is a large speed differential be-
tween the rear wheels, the speed of the 
slipping wheel is reduced by means of 
the lock functions of the final drive. If 
this is not sufficient, the engine torque is 
reduced and the wheel brake is applied 
in order to prevent damaging rotation 
speeds on the planetary gears.

6  Functional Reliability

Because the Dynamic Performance Con-
trol function intervenes in the lateral 
dynamics of the car, ensuring functional 

safety in accordance with the currently 
valid safety standards [2] was a central 
aspect of product development. All ac-
tivities to be performed for this purpose 
during the concept and implementation 
phase were based on the functional safe-
ty process specified at BMW.

6.1  Safety Categorisation and  
Safety Concept
At the beginning of concept develop-
ment, danger and risk analyses were 
used as tools for systematically finding 
all situations that could occur due to 
faults in Dynamic Performance Control, 
and evaluating them based on their ef-
fect on driving properties. This resulted 
in the safety categorisation of Dynamic 
Performance Control with ASIL D (SIL 3). 
Classification ASIL D corresponds to the 
categorisation of stability systems or ac-
tive steering. Based on the safety catego-
risation, the safety requirements for con-
figuring the function and HW architec-
ture were systematically established as 
well as the software functions for detect-
ing and overcoming faults. One of the 
measures taken in order to meet the ex-
acting requirements on functional reli-
ability was to configure all control units 
involved in Dynamic Performance Con-
trol as dual processor systems. The re-
dundant implementation of safety and 
diagnostic functions ensures that the 
system automatically goes to a safe sta-
tus in case of a failure (conventional fi-
nal drive with open differential such as 
BMW X5) and the car also has stable driv-
ing behaviour even without Dynamic 
Performance Control.

6.2  Software Development  
and Safeguarding
In addition to safety requirements on the 
hardware architecture, ASIL D classifica-
tion of Dynamic Performance Control im-
posed high requirements in terms of soft-
ware development and safeguarding proc-
esses. Methods for systematic design of 
system and function architecture as well 
as of software modules were required for 
this purpose. The majority of the software 
used for safety-critical functions was gen-
erated automatically using function mod-
ules by means of a certified code genera-
tor. This made it possible to avoid errors, 
in contrast to manual software prepara-
tion. Integration and safeguarding of elec-

tronics and software were performed 
step-by-step as part of integration stages: 
Both SIL and HIL tests were performed at 
the component level. At the subsystem 
level, this was followed by first verifica-
tion of the driving dynamic system group, 
before the function group was definitively 
accepted in the car.

7  Conclusion

Dynamic Performance Control, other 
driving dynamics control systems and 
functional integration in the ICM allow 
the X6 to achieve previously unparalleled 
levels of manoeuvrability and agility for 
a four-wheel drive car in this class. Track-
ing stability, steering precision and the 
associated feeling of great safety when 
driving are characteristic features of the 
X6. The result for the customer is effort-
less and masterful driving under all fric-
tion coefficient conditions. Dynamic Per-
formance Control therefore makes a sig-
nificant contribution to experiencing 
the driving dynamics of a BMW not only 
in the limit range, but also in the normal 
and transitional ranges, at the same time 
as increasing driving safety.
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Fuel Savings through Steering 
and Braking Technologies

Technical discussions about effective means of addressing reduction in fuel consumption and lower 
CO2 emissions are often centred on elaborate and costly drive train modifications. The automotive 
supplier TRW shows how, independent of the selected drive train concept, steering solutions and 
leading-edge braking technologies can help to optimise consumption levels. For example, TRW can 
quickly adapt the electro-mechanical and electro-hydraulic steering system, the electronic stability 
control with a regenerative braking function ESC-R and the electro-hydraulic braking system SCB to 
different models and platforms.
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1  Introduction

Cutting vehicles’ fuel consumption is an 
increasingly important consideration for 
both manufacturers and drivers, not only 
due to the rising cost of fuel, but also to 
the current debate in the European Par-
liament on new and tougher draft legisla-
tion. National CO2 levies, such as a bonus/
malus system in France or special taxes 
on automobiles in Finland and Ireland, 
have already come into force. Figure 1 
shows the increase in emission-related 
costs attributable to the tougher legisla-
tion involved, as exemplified by a vehicle 
with emissions of 161 g CO2/km. Against 
this background, all initiatives helping to 
reduce CO2 emissions have assumed a 
considerably higher level of importance. 
The technical measures involved here 
range from highly complex and costly en-
gine and drive train modifications (start-
er-generator, hybrid drive, electromotor, 
etc.) and electric-motor-driven auxiliaries 
(oil pump, water pump, etc.) to friction-
optimised sub-components such as tyres, 
bearings and shaft seals.

TRW’s product portfolio includes vari-
ous technologies, that besides their con-
tribution to vehicle safety also signifi-
cantly reduce fuel consumption. One 
core product is electrically powered steer-
ing (EPS and EPHS), which in it’s various 
base configurations is in series produc-
tion already. A major role in reducing 
consumption levels is also played here by 
new braking concepts for hybrid drive 
vehicles, like regenerative braking (ESC-R 
and SCB). For enhanced comprehension, 

the paper begins by describing how the 
steering and braking technologies func-
tion, before proceeding to detail the ad-
vantages of the systems in regard to fuel 
savings and reducing CO2 emissions.

2  Selection of Different  
Electrical Steering Systems

In its range of electrically powered steer-
ing systems, TRW offers electrically 
powered hydraulic (EPHS) and electrical-
ly powered mechanical steering variants 
(EPS). With the aid of electronic control 
systems and a combustion-engine inde-
pendent, electro-motor driven, energy 
source, current and future requirements 
for low fuel consumption, high steering 
dynamics and fine-control capabilities 
are fully met. Electrically powered hy-
draulic steering systems were developed 
in the early 1990s especially for the B and 
C segment. So far, more than 15 million 
vehicles have been fitted with this tech-
nology. These steering systems with elec-
tro-hydraulic energy supply offer the ad-
vantage of re-use of existing hydraulic 
steering components (hydraulic power 
steering, HPS) and high packaging flexi-
bility. The achievable CO2 reduction is, 
compared to an electro-mechanical sys-
tem at a comparable drive cycle and on a 
vehicle with a 1.6-l engine, at about 85 %. 
In view of the demands for cutting CO2 
emissions, conventional mechanical-hy-
draulic steering systems are increasingly 
being replaced by EPHS in vehicles with 
higher axle loadings as well. TRW’s fam-
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Figure 1: Exemplified depiction of the additional costs entailed by tougher European  
legislation for a vehicle with emissions of 161 g of CO2 per km
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ily of electromotor-pump assemblies 
from the latest product generation, 
called EPHS GenC, now includes six 
 power gradations (from 580 to 1000 W of 
hydraulic output). With this choice of rat-
ings, the electro-hydraulic steering sys-
tems from TRW can be used in all vehicle 
categories, from small cars up to luxury 
limousines, SUVs and light commercial 
vehicles (up to 18 kN rack load).

In the category of electro-mechanical 
steering systems, TRW offers two system 
architectures that by virtue of their modu-
larised construction, shared subsystem 
utilisation and high installation-space 
flexibility meet the disparate application 
requirements of the vehicle segments in-
volved: the Column Drive EPS and the 
Belt Drive EPS. In the case of the Column 
Drive EPS, the drive torque is applied via 
an electromotor/worm-gear system locat-
ed at the steering column, while in the 
Belt Drive EPS this is done using an elec-
tromotor with a belt and recirculating-
ball transmission arranged in parallel to 
the steering rack. The main differentiat-
ing criterion in choosing between the 
two systems for a particular application 
will usually be the power requirement 
for the steering system concerned. Lower 
steering-system power requirements per-
mit the use of column drive EPSs in vehi-
cles of the A, B and lower C-segments, 
while Belt Drive EPS meets premium re-
quirements for a broad spectrum of vehi-
cle platforms, extending to the D-seg-
ment, small SUVs and crossover models.

2.1  Advantages of Electro-hydraulic 
and Electro-mechanical Steering  
Systems
For mechanical-hydraulic steering sys-
tems, supplied by the internal combus-
tion engine, there is a conflict involved 
in system dimensioning: whereas dur-
ing parking high power levels are briefly 
required by the steering system at low 
engine rpm (> 500 W), the average 
amount of power required for steering 
support while motoring at high engine 
rpm is very low (< 50 W when driving 
straight ahead). The temporal compo-
nent in this load case with a low power 
demand for the steering system is more 
than 90 % both for real driving cycles 
and for consumption test cycles for auto-
mobiles (NEDC, FTP75, etc.). In the case 
of the pump designs typically used for 

mechanical-hydraulic systems, this leads 
to substantial power losses in the steer-
ing system.

In the case of electrical steering sys-
tems (EPHS and EPS), by contrast, the 
power for steering support is provided in-
dependently of the vehicle drive’s operat-
ing state. This is depicted diagrammati-
cally in Figure 2. The steering power is 
controlled electronically in line with de-
mand, utilising the steering angle speed 
and the vehicle speed with the EPHS, and 
the steering torque and the vehicle speed 
with the EPS, Table. Using electrical steer-
ing systems offers OEM an opportunity to 
optimise the efficiency of steering sup-
port and to avoid parasitic losses for the 
engine. In addition, an electrical steering 
system scores in terms of an excellent 
cost/benefit ratio, meaning that the cost 
increase at the vehicle per gram of CO2 

reduction is low compared to other con-
sumption-cutting measures. If we take a 
possible reduction of 7 g CO2/km from us-
ing an electrical steering system in place 
of a mechanical-hydraulic one, this cor-
responds to a cost benefit in 2015 of up to 
665 euros, under the legislation currently 
being planned. Another significant ad-
vantage of electrical steering systems is 
that they can be easily integrated into dif-
ferent drive concepts (conventional in-
ternal combustion engines, engines with 
an automatic start-stop system, hybrid 
drives, and fully electrical drive trains).

2.2  Energy-economical Alternatives
There are currently some alternative en-
ergy-economical hydraulic solutions on 
the market that reduce the power loss 
by regulating the pump’s delivery vol-
ume in dependence on the speed (varia-

Figure 2: Simple integration of an electrical steering system in vehicles with different drive 
concepts, without a mechanical interface to the drive (top: conventional system, centre: 
EPHS system, down: Belt Drive EPS)

Development

AtZ 11I2008 volume 11028 

Chassis

p
er

so
n

al
 b

u
ild

u
p

 f
o

r 
F

o
rc

e 
M

o
to

rs
 L

td
.



F
or

ce
 M

ot
or

s 
Lt

d.

ble displacement pump, VDP) or the 
pump reduces its system volume flow 
with a solenoid valve (electronically 
controlled orifice, ECO). These measures 
likewise reduce the power loss, but not 
to the same extent as a demand-respon-
sive control system, see also the Table. 
This is because the load status cannot be 
detected, due to the absence of sensors, 
and the VDPs, by reason of their con-
struction, exhibit significantly higher 
internal losses and are operated at com-
paratively higher volume flows. Due to 
the high circulating oil volume flow of 
hydraulic-mechanical steering systems 
even when a low level of steering power 
is being demanded, the pumps’ power 
consumption will depend closely on the 
steering system’s flow resistance. To ex-

emplify, Figure 3 shows the variation in 
steering system energy consumption at 
the crankshaft. In the left-hand part of 
the picture, the absolute additional con-
sumption (and thus the absolute addi-
tional emissions) for various assisted 
steering technologies is in each case 
shown in a best-case (A) and a worst-case 
(B) system configuration. For EPHS and 
EPS, the grey-backed arrows show the 
relative savings potentials in regard to 
the use of standard hydraulic powered 
steering designed for consumption effi-
ciency. The principal parameters influ-
encing variation in consumption lie in 
the design of the hydraulic system, per-
formance characteristic tuning, and ef-
ficiency variations in the components 
used, with the hydraulic losses in de-

pendence on the volume flow account-
ing for the greatest power loss. The pre-
sumptive cause is the hydraulic compo-
nents connected to the pump, outlined 
in the right-hand half of Figure 3, such 
as hydraulic lines and steering gear. The 
variation in flow resistances inside the 
steering system (operating points de-
picted) may lead to a higher power con-
sumption by the hydraulic pump. Since 
the electro-hydraulic system is operated 
at a very much lower level of energy (in 
the green), this effect is hardly ever en-
countered in actual practice. The elec-
tro-mechanical system generates a pow-
er loss only in its electronic control unit, 
and thus possesses the best energetic 
properties.

Complementing the mentioned ad-
vantages of electrical steering systems 
over their conventional hydraulic coun-
terparts in terms of energy consump-
tion, electrical steering systems, as what 
are called semi-active steerings, offer 
the advantage that the steering torque 
can be adjusted by varying the servo-
support. This enables speed-dependent 
steering support to be implemented 
without any additional outlay, for exam-
ple. Electro-mechanical systems also 
possess a unique feature in that active 
safety or comfort functions can be im-
plemented using torque superimposi-
tion (for example lane guidance or auto-
matic parking).

3  Systems for Regenerative Braking

Systems for regenerative braking enable 
braking energy to be recovered in hybrid 
and electric vehicles using the vehicle’s 
generator. While the brake is being oper-
ated by the driver, or during autonomous 
deceleration requests, for example from 
the adaptive cruise control (ACC), the 
aim is to recover a maximum of the avail-
able kinetic energy, in dependence on 
vehicle speed, driver’s wish, braking de-
celeration and the vehicle’s weight. For 
any additional braking deceleration re-
quired – if the driver’s wish exceeds the 
maximum regenerative power – the fric-
tion brake is used.

3.1  Requirements
The major functional requirements posed 
for a regenerative braking system are:

Table: Principles and energy consumption of various steering systems

Figure 3: Energy management functionality – energy consumption in the test cycle NEDC of 
four steering systems EPS, EPHS, VDP und HPS (left) at the crankshaft (CS) and hydraulic 
power loss of a „best case“ (A) and „worst case“(B) system configuration
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–  precise adjustment and control of the 
braking torques in accordance with 
the braking request from the driver or 
through system requests for an active 
braking function

–  separate control for the regenerative 
braking torque and the friction brak-
ing torque

–  variable control of the friction brak-
ing force in accordance with the sys-
tem request as a supplement to the 
regenerative braking torque

–  the mixing of friction braking torque 
and regenerative braking torque 
should not be perceived by the driver, 
neither acoustically nor when operat-
ing the brake pedal

–  fast take-over of braking by the fric-
tion brake should be assured by all 
stabilising control interventions, such 
as ABS/ESC; all wheel slip and stabili-
sation requirements are handled by 
the friction brake.

3.2  Brake Torque Blending
To perform the brake torque blending 
function (the requirements for brake 
torque mixing between friction and re-
generative brakes), the friction brake 
system has to assure decoupling be-
tween the driver’s wish and control of 
the friction braking torque for the wheel 
brakes, that means “by wire” functional-
ity, or alternatively provide intermedi-
ate storage of any braking medium not 
required by the friction brake system. 

Various concepts for the construction 
and design of friction braking systems 
that meet the requirements for regen-
erative braking are already in series pro-
duction and under development. The 
blending function between the friction 
and regenerative braking torques is de-
rived from a torque “blender” algo-
rithm, with the regenerative torque of 
the drive axle being determined from 
the generator’s output. The sum of re-
generative and applied friction braking 
torques corresponds to the driver’s wish. 
Figure 4 and Figure 5 show examples of 

brake torque blending between regen-
erative and friction brakes at simulated 
stops from 100 km/h and 50 km/h. Re-
strictions/limitations on the regenera-
tive power due to battery charging ca-
pacities and efficiencies have not been 
factored in here. As the basis for an il-
lustrative calculation, a medium-sized 
car has been taken with an assumed 
driver’s wish for a braking deceleration 
of 0.35 g and 0.15 g respectively, and an 
assumed maximum generator power of 
50 kW.

3.3  Regenerative Braking Systems
To cover the global market variance in 
regard to complete system integration 
without any additional vacuum supply, 
plus the modularised approach as a 
 supplement to a conventional braking 
system, TRW is pursuing two concepts: 
slip control boost (SCB) as a fully integrat-
ed system and electronic stability con-
trol-regenerative (ESC-R ) as a modular-
ised system.

3.3.1  Slip Control Boost
The slip control boost (SCB) system from 
TRW, mass-produced since the end of 
2007 in the USA for the Chevrolet Tahoe, 
is an integrated hydraulic braking sys-
tem that replaces the conventional brake 
booster, the brake master cylinder and 
the vacuum pump by an electro-hydrau-
lic control unit (EHCU), and integrates a 
brake pedal simulator and a multi-cham-

Figure 4: Simulated stop from 100 km/h for a braking deceleration of 0.35 g with blending of 
regenerative braking and friction braking

Figure 5: Simulated stop from 50 km/h for a braking deceleration of 0.15 g with blending  
of regenerative braking and friction braking
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ber brake master cylinder. Figure 6 shows 
the construction of the SCB’s hydraulic 
system, as exemplified by rear axle blend-
ing; Figure 7 shows the actuating unit 
and the EHCU.

The system’s energy source consists 
of a high-pressure accumulator with an 
integrated pressure sensor for detecting 
the loading state and faults, and an inte-
grated motor/pump unit for loading the 
accumulator. The actuating unit incor-
porates a redundant travel sensor, and 
is linked to the wheel brakes, which in 
normal braking operations is separated 
by an open-when-deenergised safety 
valve. Additional monitoring of the driv-
er’s wish is assured by a pressure sensor 
integrated into the hydraulic unit. The 
pedal feel is provided by a spring/elas-
tomer-assisted pedal simulator integrat-
ed into the hydraulic unit, which is con-
nected at the rear to the reservoir via a 

closed-when-deenergised safety valve. 
When a braking request is received from 
the driver or an active pressure request 
from the system, the booster pressure is 
generated using a hydraulic proportion-
al valve in a closed control loop with 
pressure monitoring only in the booster 
circuit from the high-pressure accumu-
lator. Pressure is supplied to the rear-
wheel brakes directly from the booster 
pressure via a holding and reduction 
valve in each case. The front-wheel 
brakes are indirectly actuated in hydrau-
lically separated mode using the master-
cylinder separation pistons and likewise 
a holding and reduction valve in each 
case. Features of the system include the 
adjustable pedal feel simulator with a 
low NVH level during control operations 
and a system construction that is fault-
tolerant for electrical system or sensor 
errors. If the energy fails, the safety 

valves will switch back to the normal 
position, and permit a hydraulic four-
wheel link to the wheel brakes without 
any loss of pedal travel. In response to a 
brake blending request, the inlet valves 
of the axle to be blended are closed, and 
the brake blending pressure request is 
controlled using a TC-ISO valve in 
“closed-loop” mode. The standardised 
electro-hydraulic control unit (EHCU) 
meets the requirements for all cars and 
light commercial vehicles.

3.3.2  Electronic Stability Control  
and Regenerative Braking System
The regenerative braking system ESC-R is 
a modularised, hydraulically enclosed 
system based on TRW’s standard ESC sys-
tem. In the winter of 2006/2007, TRW 
premiered its new electronic stability 
control system, with an option for recu-
peration of braking energy in some ini-
tial experimental vehicles. It operates 
with a conventional brake booster, a 
master cylinder, a vacuum pump (if re-
quired) and a simulator for the hydrau-
lic braking volume requirement. For a 
compactly dimensioned system con-
struction and in order to avoid addition-
al hydraulic connections, this simulator 
can alternatively be integrated into the 
slip control system. The teaser photo 
shows the ESC-R hardware.

Figure 8 shows the hydraulic system 
of the ESC-R. In the case of conventional 
brake operation without a recuperation 
request, the hydraulic unit works like a 
conventional hydraulic system. For brak-
ing operations with a regenerative re-
quest, the direct link between the mas-
ter cylinder and the wheel brakes is in-
terrupted, with the friction brake torque 
being replaced by a recuperative-electri-
cal brake torque. The master cylinder 
pressure applied by the driver acts on 
the simulator, while the displaced vol-
ume of liquid is put into intermediate 
storage in the low-pressure storage 
chambers of the hydraulic unit, with 
the conventional pedal feel being re-
tained. The master cylinder travel is 
here detected, and in accordance with 
the driver’s wish additional hydraulic 
brake blending pressure is provided in 
the circuits as needed by means of the 
multi-piston pump. The system operates 
in a closed hydraulic circuit without 
any additional volume, comparable to a 

Figure 6: SCB hydraulic system architecture

Figure 7: SCB hardware

AtZ 11I2008 volume 110 31 

p
er

so
n

al
 b

u
ild

u
p

 f
o

r 
F

o
rc

e 
M

o
to

rs
 L

td
.



F
or

ce
 M

ot
or

s 
Lt

d.

conventional control system and pro-
vides the advantage that in the event of 
a fault the hydraulic boost is retained 
without any loss of pedal travel. Figure 9 
shows a vehicle recorder with exempli-
fied sinusoidal modulation of the avail-
able electro-regenerative braking torque 
and corresponding modulation of the 
hydraulic braking pressure in phase op-
position by the ESC-R system.

3.4  Advantages of  
Regenerative Braking Systems
Regenerative braking systems constitute 
a solution that in conjunction with hy-
brid vehicles offers fuel savings and re-
duces exhaust gas emissions. In addi-
tion, hybrid vehicles, thanks to electri-
cal support of the internal combustion 

engine, enables driving performance to 
be improved and safety levels enhanced 
by integrating active safety systems such 
as radar-assisted cruise control and opti-
cal (camera) systems, which produce 
technologies like the autonomous brak-
ing function or the emergency braking 
function. By recovering braking energy, 
potential fuel savings of between 6 and 
25 % can be achieved in the NEDC driv-
ing cycle, depending on the hybrid sys-
tem (Micro/Mild/Full) and the dimen-
sioning of the generator involved. Hy-
brid vehicles and regenerative braking 
technologies thus make a crucial contri-
bution towards reducing CO2 emis-
sions.

The system utilises the existing ac-
tuators and ESC components to opti-

mum effect. It is compatible with all 
drive train configurations, like front, 
rear and four-wheel drives, and sup-
ports a wide range of different vehicle 
sizes – from small cars and light vans 
to SUVs.

4  Summary

TRW aims to support OEM in meeting 
the stringent requirements for CO2 re-
duction, and concentrates here on off-
the-shelf solutions that are efficient 
and, above all, swiftly available. Against 
this background, TRW emphasises the 
potential of the technologies already 
available, such as electrically assisted 
steering systems. Market analyses show 
that the demand for electrical steering 
systems will continue to rise in the years 
ahead. In TRW’s view, electrically assist-
ed steering systems are the technologies 
of the future, and will, moreover, push 
the integration of safety systems to a 
higher level. TRW also presents new 
concepts like ESC-R and SCB for hybrid 
vehicles. Rising prices for fuel and the 
demand for reduced CO2 emissions will 
also accelerate the trend towards hybrid 
and electric vehicles. The SCB technolo-
gy from TRW has, for example, already 
been adopted for mass production in 
some hybrid vehicle applications like 
the Chevrolet Tahoe. Many other mod-
els have meanwhile been announced for 
the years ahead.  ■

Figure 8: ESC-R hydraulic system architecture

Figure 9: Vehicle recorder with sinusoidal modulation of the generator and braking torques
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Centre Console Concept 
Innovations for More Ease of Use 
In its centre console concept, control system specialist Preh has integrated a 
multitude of innovative technologies. As a result more ease of use can be 
achieved. Furthermore the centre console presents expanded design options 
for interior design.

DEvElopMEnt
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1  Introduction

At first glance the centre console looks 
elegant and simple, as while the igni-
tion is turned off, all surfaces are 
smooth black and chrome. Only when 
the ignition is started does the console 
“wake up”: the gear shifter, which was 
embedded flat into the console surface 
before, rises into the ideal operating po-
sition for the driver. The icons are now 
displayed, back-lit in ice-blue, on the 
surfaces of the control elements, which 
was a smooth high-gloss black before. 
This latter effect is known as black panel 
design and can be achieved in control 
systems by using a special design.

2  Black Panel Design

The design, with which a black panel ef-
fect can be achieved, always looks simi-

lar in principle and can be explained on 
the basis of a button. Initially, the but-
ton is produced from transparent plas-
tic (Lexan). In comparison with conven-
tional buttons, where the surface is 
coated and icons are laser-etched, the 
black panel button receives just a high-
gloss clear coating on the surface. How-
ever, the underside of the button is 
coated with a black varnish that is suit-
able for laser-etching. Then, the icons 
are laser-etched onto the button’s un-
derside. So that the icons, which are 
only visible when back-lit, can be read 
well even from a distance, suitable light 
distribution of the illuminant is provid-
ed. All in all, a high-quality, dark-black 
surface with low transmission can be 
achieved using this procedure.

3  Preh-PVD Translucent  
Surface Technology

The black panel effect can also be used for 
metallic-look surfaces. The Preh Physical 
Vapor Deposition (Preh-PVD) surface tech-
nology was modified for this purpose. 
This distributes a very thin coating of real 
metal onto plastic surfaces in its standard 
application. The properties of this metal 
layer then allow laser-etching of the icons 
and backlighting for night design. The 
modified Preh-PVD translucent coating 
procedure is new and still not used in the 
full-production automotive run. The pro-
cedure entails the real metal layer being 
given translucent properties so that the 
icons on the button surface are only visi-
ble after being back-lit, Figure 1.

This technical advancement also has 
enormous potential for the ambiance 
lighting in a vehicle’s interior, as well as 
use for the black panel effect for metal-

lic control surfaces. Up to now, design 
accents, which worked through the tar-
geted use of metal surfaces, could only 
be seen in daylight. By using the Preh-
PVD translucent technology, such sur-
faces can also be back-lit in night design. 
Figure 2 shows an example of the air con-
ditioning control system of the centre 
console concept, whose frame metal sur-
face can also be back-lit in night design.

4  Dual-Zone Air Conditioning System 
with just One Control Knob

The air conditioning control system was 
designed in such a way that the comfort 
settings can be operated by the driver and 
passenger with the same control elements 

Figure 1: Plastic buttons with a genuine-metal surface using Preh-PVD translucent technology
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(control knob and buttons). One control 
knob regulates everything. The underly-
ing operating principle here is simple as 
it is aligned to the seating position. In the 
initial setting, both air conditioning 
zones can be set together. If the passenger 
wants to change the temperature setting 
for themselves (in Germany for example, 
the right hand side of the vehicle), he tilts 
the control knob to the right. Then he se-
lects his desired temperature for the pas-
senger side as usual by turning the knob. 
If the driver wants to adjust the tempera-
ture individually for his air conditioning 
zone, he tilts the control knob in his di-
rection (that is in Germany to the left).

In order to make this selection function 
possible, the axis of the control knob is 
mounted in such a way that the entire 
chassis of the control knob performs a tilt-
ing motion to the right or left when moved. 
Through appropriate contact with the 
chassis, the control can recognise which 
air conditioning zone has been selected.

In order to make even more intuitive 
operation possible, the design of the con-
trol knob has been modified to include 
an additional feature. The aim of the de-
signers here was to provide other relevant 
sensory feedback for the control knob to 
select different functions. Different de-
tent-steps and forces are produced. As a 
result, for example, when setting the 
temperature, both a shorter detent inter-
val and a lesser effort is needed when set-
ting the fan, whose detent interval is 
comparatively longer with a simultane-
ously increased force being needed to set 
it. When driving, the user associates a no-
ticeably different tactile feedback with 

the appropriate function unconsciously 
after a short amount of time.

This feature was realised technically 
through a simple and robust mechanical 
design. To create the engagement, differ-
ent latches are used, whose contact is con-
trolled through a mechatronic switch. The 
different engagement strengths are real-
ised using springs allocated to the latches.

5  Design of the Gear Shifter

In the construction of today’s vehicles, by-
wire technologies are used increasingly. 
This trend opens up new design options 
in the centre console, when the tradition-

al mechanical coupling of the gear shifter 
and gears is omitted as a result. This 
means that different design forms on the 
gear shifter can be created right through 
to total replacement by switch paddles on 
the steering wheel. The Preh Con centre 
console concept shows a design variation 
of the gear shifter with integrated park-
ing brake. In a resting position (“ignition 
off”), the lever is flat in the centre console 
and only moves into the operating posi-
tion when the ignition has been started, 
Figure 3. The upper part of the gear shifter 
is used to control. This part has been de-
signed as a rocker and uses downwards 
pressure and upwards pulling motions. 
The driver chooses between automatic 

Figure 2: Genuine-metal-look at day and ambient illumination at night, using Preh-PVD translucent technology

Figure 3: Left: gear shifter in resting position; right: gear shifter in operating position
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and Steptronic modes using a button in-
tegrated into the rocker switch, which 
can be comfortably operated by thumb. 
The selected gear (P-R-N-D) is displayed 
next to the switch in the aforementioned 
black panel technology. When an over-
load force is applied to the system, it 
turns itself off and reverts to the operat-
ing position after these overload forces 
have been removed. A clamp protection 
provides safety when the gear shifter 
moves into the “at rest” position when 
the ignition has been turned off. 

As well as an attractive design, the er-
gonomic formation, robustness, safety 
and a high-quality sensation were also im-
portant guidelines for construction. A 
complete metal was selected as the mate-
rial for shaft and rocker. This provides the 
system with the necessary stability and is 
an important parameter to produce a 
“close-fitting” switch feeling. The haptic 
feel of the rocker was adjusted using mag-
netic technology for a defined calibration 
of the switching force. A robustly embed-
ded worm drive ensures the gear shifter 
moves into the resting position and oper-
ating position when necessary.

6  Central Control System with 
 Sensory User Guidance

With some of the systems established 
on the market to date, the user navi-

gates in the different menu points us-
ing the multi-functional control ele-
ment by turning, pushing and tilting. 
However, this does not ensure that a 
function is always selected during an 
operating step; it is necessary to check 
on the selection menu on the vehicle 
display. So that the driver can concen-
trate with as little distraction from the 
windscreen as possible, one aim of the 
redesign was to achieve a simplified 
function selection as well as largely 
avoiding operating errors. To achieve 
this, a haptic user guide was developed, 
which provides function-dependent 
mechanical locking. This makes tilting 
the control element into different di-

rections possible or not possible, de-
pending on the configuration of the 
selection menu. The example in Figure 4 
right shows a menu, in which five ap-
plications can be selected. Application 
four is highlighted, marking the posi-
tion at which the control element is 
found at that moment. The only reason-
able movement directions here are up-
wards in the direction of application 
three or downwards to application five. 
Therefore, an intelligent, menu-depend-
ent locking makes sure that the control 
element can only move in these direc-
tions, that is neither left nor right. If 
menu point five is then selected, the 
end of the menu is reached at the same 

Figure 4: Left: rotating stop at end of menu; right: specific locking of tilting directions

Figure 5: Dual touchpad for operating navigation and telephone
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time so that another movement down-
wards is now blocked. The user feels 
this clearly as a hard mechanical lock-
ing. All in all, when using this technol-
ogy, the user is only able to access those 
control channels which are necessary 
to select the function. As a result, his 
perception is relieved as he receives 
clear, tactile feedback and is no longer 
entirely dependable on visual checks.

In a similar way, blocks for the rota-
ry function of the control element can 
also be set. For example, it is possible to 
prevent continued turning in the dif-
ferent function menus, when the end 
of the setting options is reached, Fig-
ure 4 left.

The technical realisation of the tilt-
ing functions relies on a mechanical de-
sign, while the haptic feel is realised us-
ing magnets. The locks for the tilting 
functions are based on a mechatronic 
concept, with which a locking element 
is moved under a back bracket. Also the 
hard rotary blocks have been imple-
mented using a mechatronic design. As 
a result, a blocking element is moved 
and held in a defined way.  The position 
of the controllable blocks is provided 
through a fixed mechanical coupling, 

so that an exact high-quality haptic feel 
can also be achieved. 

7  Touchpad with Dual Function

The touchpad, which is integrated di-
rectly in front of the arm rest, is an in-
novation as it can be used, firstly, for 
the navigation selection and, secondly, 
as a telephone pad, Figure 5. 

The advantages of the navigation se-
lection in comparison with the con-
ventional procedure are clear. To date, 
the place name has had to be entered 
letter by letter by turning and press-
ing. Selection via touchpad is clearly 
simpler and quicker. Here, the user 
moves a cursor – quite similar to a com-
puter touchpad – over the map image 
on the vehicle display and selects his 
destination by clicking.

When the telephone mode is acti-
vated, a telephone keypad appears on 
the surface of the touchpad and on the 
vehicle display screen. When selecting 
the telephone number, the user, as he is 
used to from using a telephone, receives 
feedback on all three sensory channels: 
sensory, optical and acoustic. 

8  Ergonomic Concept

The ergonomic design of the centre 
console at hand was selected after 
weighting the widest range of practical 
requirements on the innovative control 
features. So that the forearm and wrist 
can rest stably on the central arm rest, 
while the navigation destination or tel-
ephone number is selected, the touch-
pad is located immediately in front of 
the arm rest, Figure 6. In order to dial a 
telephone number safely even while 
driving, the driver does not need to look 
at the touchpad. Using capacitive tech-
nology, the position of the finger is de-
tected and the appropriate icon, above 
which the finger is, is distinctly empha-
sised in the vehicle display. This means 
that it is even possible to dial a phone 
number by looking very briefly to the 
side at the display.

If a function selection is being made 
through the central control element, 
the rear part of the forearm rests  
on the arm rest, while to operate the 
gear shifter, the forearm is completely 
raised, as is generally the case in to-
day’s vehicles. ■

Figure 6: Ergonomic design
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Engine Model for Dynamic 
Simulation of Exhaust Systems 
Derived from Measured Data
Nowadays, the FEA has become an indispensable tool in the durability investigation of exhaust systems. 
A realistic dynamic simulation requires that its boundary conditions are reproduced as closely as pos-
sible. To realize this, the excitation data is extracted from experimental measurements. Compared with 
the exhaust system, the powertrain (engine and transmission) is much stiffer, so it can be treated as a 
rigid body. Tenneco developed a tool to generate a simplified engine model and related excitation data 
automatically. This program optimizes computational speed and robustness.
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1  Introduction

The dynamic response of automotive 
 powertrain affects exhaust systems in 
many aspects, especially the lifetime du-
rability of components. There are two 
ways to investigate the durability: Experi-
mental test and numerical simulation. 
In consideration of costs and practicabil-
ity, the FEA became an indispensable 
tool.

Figure 1 demonstrates a powertrain 
connected to an exhaust system, which is 
characterized by a long structure in ge-
ometry. So far, it is difficult to integrate 
a fully meshed powertrain into exhaust 
system for dynamic computations due to 
long computation time. Compared with 
exhaust system, powertrain is much stiff-
er. Therefore the powertrain can be as-
sumed as a rigid body and simplified as a 
mass/inertia system. Besides, the engine 
excitations play an important role in the 
dynamic simulations of exhaust systems. 
Two kinds of excitations are used in the 
dynamic simulation: The force/moment 
and the enforced motion method. The 
second one is straightforward because 
the movements of powertrain can be 
measured directly by using acceleration 
sensors.

Thus, this method is applied both in 
industrial tests and numerical simula-
tions. The purpose of the work done by 
Tenneco is to generate a robust and reli-
able engine model based on measure-
ments of the powertrain for dynamic 
analysis with the FEA solver Nastran.

2  Enforced Motion Method

For the simulation of dynamic response 
of exhaust systems, engine excitation in 
the form of forces and moments is al-
ways optimal, since the excitation is in-
duced by internal forces of engine. Thus, 
it can be named as primary excitation. 
Nevertheless the primary excitation is 
not straightforward, because the meas-
urements of excitation are accelerations. 
They can be expanded to velocities and 
displacements by using the integral to 
time. Thus, engine excitation in the form 
of enforced motion can be fetched direct-
ly from experimental measurements. 
However, since the measurements from 
experiments are essentially the response 
of engine block and exhaust system, it is 
named as secondary excitation.

To realize the secondary excitation in 
FEA model, excitation points must be 
constrained, so boundary conditions of 
the model are changed compared with 
the primary excitation. This can result in 
change of the modal eigenvalues. Fortu-
nately, the mass of powertrain is normal-
ly much larger than that of total exhaust 
system, so that the secondary excitation 
– enforced motion – is reasonable for the 
dynamic analysis of exhaust systems. 

Based on the experience of Tenneco, 
if the mass of powertrain is ten times 
greater than that of the exhaust system, 
the dynamic responses of exhaust sys-
tem by using the primary and the sec-
ondary excitations are nearly the same 
above 30 Hz.

The Authors
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Figure 1: Schematic 
demonstration of layout 
of exhaust systems
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With the increase of performance of 
computer hardware und FEA software, 
the application of the enforced motion 
method was improved and stabilized [1]. 
Up to 1995, relatively simple excitation 
models were applied with only one de-
gree of freedom in the direction of en-
gine piston movement. A constant exci-
tation in the total frequency range was 
restricted for cold end, for example 
0.1 mm in a four-cylinder engine. 

From 1995 to 2003, the enforced mo-
tion was improved by the use of multi-
axial excitations, nevertheless ampli-
tudes were still assumed to be constant 
in total frequency range. Since 2004 
with the Nastran release for advanced 
enforced motion, a multi-axial spectral 
and complex, which is defined as en-
forced motion, can be directly obtained 
from experimental measurements, so 
that the excitation data is able to repre-
sent the real vibration behavior of pow-
ertrain. 

To measure the movement of power-
train, acceleration sensors must be 
equipped at least at three locations on 
powertrain. Figure 2 shows schematically 
measuring points on a powertrain. 
Three points P1, P2 and P3 are spanned 
on the powertrain so that they can fully 
describe the rigid body motion of en-
gine block. At each point, three acceler-
ation channels are set up in x-, y- and z-
directions, respectively. That is, nine 
signal channels are obtained simultane-
ously.

3  Reduction of Multipoint 
 Measurements

It is known based on the theory of rigid 
body motion that the movement of a 
rigid body can be fully described by six 
degrees of freedom. As mentioned above, 
the experimental data is measured in at 
least nine degrees of freedom in tests. 
Therefore excitation can be simplified by 
transferring measurements from three 
measuring points to an arbitrary point, 
and the degrees of freedom can be re-
duced to six during this process.

To guarantee reasonable results from 
FEA – especially for dynamics calcula-
tion –, the model should be correlated 

in advance. This is done in two steps: 
First, the correlation of physical fea-
tures of the FEA model, for example 
masses, material properties, and ge-
ometries. The second step is the correla-
tion of excitation like scaling, smooth-
ing, and peak shifting. Both steps give 
significant influences to MAC (Modal 
Assurance Criterion) values. Besides the 
function “correlation of measurement 
with FEA”, the signals of engine excita-
tion have to be elevated for the simula-
tion in some specially load cases [2].

Figure 2 schematically illustrates a 
powertrain and the reduction of meas-
urements from P1, P2, and P3 to P4. For a 
rigid body, the velocity at an arbitrary 
point P can be expressed as: 

v = vP4 + ωP4 × (r – rP4) Eq. (1)

Applying Eq. (1) to all measuring points 
gives:

Ax = y Eq. (2)

Here, A is the geometric matrix, x repre-
sents the rigid body motion at point P4 
and y are signals from measurements. 
Because at least three measuring points 
P1, P2 und P3 are used, the equation sys-
tems in Eq. (2) are over-determined. The 
implemented pseudo-inverse creates an 
averaged solution in favor of the smallest 
error-square. When the magnitude of en-
gine vibration is very small, the form of 
Eq. (2) can be also applied for displace-
ment and acceleration.

Figure 2: Demonstration of kinematical 
motion of powertrain

Figure 3: Software for the engine model
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4  Software for the Engine Model

Tenneco has developed a software pack-
age, which is composed of a Fortran ker-
nel and VBA interface (visual basic appli-
cation). The combination of Fortran with 
VBA has an advantage that mathemati-
cal options in Fortran are powerful and 
very fast whereas the VBA has convenient 
interface functions. The software in-
cludes: read-in experimental measure-
ments, reduction of three-point excita-
tion to single-point excitation data, and 
generating an engine model for dynamic 
simulations. The user interface of the 
software is shown in Figure 3.

4.1  Input and Data Transformation
The users’ interface is quite simple. Af-
fordable data like measurement data file 
(universal file format 58), coordinates of 
measuring points, engine order, and load 
type (displacement, velocity and accelera-
tion) should be specified at first in the in-
terface, which is done intuitively. The in-
put in the “DOF Selection” section can be 

used to remove data channels, which car-
ry wrong measured data significantly in-
fluenced by noise. In addition, the unit of 
measurements can be converted by using 
a scale factor. By clicking button “Step 1: 
Transformation”, the original measure-
ment data is read in and transformed to 
the output point P4. Two tables are gener-
ated simultaneously, which incorporate 
all the data in unified format.

To verify the assumption of rigid body 
motion for powertrain, a backward trans-
formation by use of the solver Nastran 
from output point P4 to the measuring 
points P1, P2, and P3 was performed, as 
shown in Figure 4. The diagrams show 
that the FEA output from backward 
transformation is significantly close to 
measurements. That means, the trans-
formed motion at the output point P4 
can correctly describe the rigid body mo-
tion of the powertrain.

4.2  Diagrams and Data Smoothing
By using pull-down menu “Diagrams 
and Smoothing”, different options can 

be selected for the illustration of output 
data and presentation possibilities: Data 
format can be used to switch the forms 
of excitation data to real/imaginary or 
magnitude/phase. Measurement point is 
used to specify, whether the spectra of 
3-point-excitation or 1-point-excitation 
is to be displayed.

With the help of the menu “Illustra-
tion of Curves”, it can be selected, wheth-
er the spectrum curves should be 
smoothed. Figure 5 shows the difference 
between raw data from measurements 
(black curve) and the smoothed output 
(magenta curve). The small peak in black 
curve is due to the reaction from a reso-
nance in exhaust system. When used for 
excitation data, this kind of peaks should 
be removed. By using the filter function, 
the peaks can be diminished, as shown 
by the pink curve. The curves can be fur-
ther smoothed or corrected manually by 
dragging individual sampling points by 
mouse, which is a standard function in 
Microsoft Excel, as shown in the cut-out 
in Figure 5. Additionally, the scaling of 

Figure 4: Verification of rigid body motion of engine 
block – measurement and simulation at mount right 
(top left), at gear box mount (top right) and at mount 
left (down)
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diagram axes and the display type of dia-
gram can be defined in the interface too. 
After accomplishing above settings, the 
curves of excitation spectrum can be dis-
played by clicking the button “Step 2: 
Create Diagrams”.

4.3  Engine Model for the  
Nastran Solver
By clicking button “Step 3: Create Data 
and BDF File”, the excitation spectra il-
lustrated in the steps before are exported 
into Nastran bulk data file (Nastran BDF). 
A dummy engine model is generated by 
means of beam elements, which repre-
sent the rigid body motion of the power-
train. Additionally, a master deck for fre-
quency response analysis in Nastran is 
generated simultaneously.

5  Summary and Conclusion

Based on experimental measurement 
data, Tenneco has developed a tool to 
generate a dummy engine model to ap-
ply excitation profiles for the dynamic 
frequency response analysis of exhaust 
systems. It has been proved that the 
powertrain can be regarded as a rigid 
body. The experience in practice at Ten-
neco encourages this topic.

Thus, the reduction of several meas-
ured distributed points with nine de-
grees of freedom to a single point with 
six degrees of freedom is allowed. The re-
duced measured data can be smoothed 
by using data filter function in the soft-

ware for a better work in Nastran for 
easier processing and stabilization. Fi-
nally, it has to be mentioned that an easy 
manipulation of excitation data is possi-
ble as it is required for comparisons be-
tween measurement and simulation. In 
case of significant  feedback of the ex-
haust system‘s dynamic movement, pri-
mary excitation based on force/moment 
is recommended.
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Predicting Overtaking 
Manoeuvres via CAN-Bus Data

ReseaRch Assistent Systems
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In order to resolve the conflict between the support and autocracy of ad-
vanced driver assistance systems (ADAS), system control must incorporate 
the driver him/herself. At the Human Factors Institute of the Bundeswehr 
University Munich, research is therefore being conducted on the prediction 
of driver intention, which can greatly increase the specificity of driver 
 assistance. This article describes the development of an algorithm which is 
based on currently available vehicle sensors and which is able to predict 
overtaking manoeuvres with a high level of reliability. 

1  Introduction

The development of ADAS in the area of 
longitudinal and lateral control is in-
creasingly leading to a take-over of the 
driving task on the part of systems. While 
conventional cruise control systems were 
only able to maintain a pre-set speed, 
modern adaptive cruise control (ACC) 
systems detect and adjust to vehicles 
ahead and enable vehicle control across 
the entire speed spectrum. In the near 
future, further functions ranging from 
longitudinal acceleration to emergency 
braking will also be possible, Figure 1. 

Similar qualities and aims can be seen 
when examining the development of 
ADAS in the domain of lateral control. 
With the evolution of adequate lane 
tracking, lane departure warning (LDW) 

systems which attract drivers’ attention 
upon lane departure were introduced 
onto the market. Development pro-
gressed from direction-unspecific warn-
ing signals to heading-control systems 
which take over part of the lateral con-
trol task via directed steering torques on 
the steering wheel. Depending on pa-
rameterisation, this take over can occur 
exclusively at the edge of the lane (e. g., 
VW Passat CC) or as a permanent sup-
porting feature (e. g., Lexus LS 460). 

It is, however, becoming increasingly 
apparent that the driver assistance pro-
vided by these systems does not automati-
cally bring relief to the driver. While 
lane-keeping assistants offer a certain 
amount of support, the driver must con-
tinually check that the system is func-
tioning correctly and intervene when-
ever the system fails to operate in line 
with his/her notion of lateral control. A 
similar problem also applies to LDW. 
Current systems require the driver to ei-
ther indicate or actively work against the 
system when changing lanes. Traffic ob-
servations [1] show, however, that drivers 
only indicate in half of lane changes on 
the motorway and one third of inner-city 
lane changes. 

According to this a study by LeBlanc 
et al [2] demonstrated 26 % of lane de-
parture warnings due to lane changes. 
The participants of the study by Alkim et 
al. [3] judged the lane departure warn-
ing system as effective but, because of 
too many warnings, also as annoying. 
False alarms not only lead to an accept-
ance problem among “lazy indicators”; 
they also reduce the warning nature of 
system alerts which in turn reduces not 
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only driver reactions [4] but also the po-
tential increase in safety provided by 
such a system. ADAS are designed to sup-
port and not unduly dictate or issue un-
necessary warnings to the driver. Kom-
pass & Huber [5] summarized the idea in 
No. 3 of their 10 golden rules of driver 
assistance: “Driver assistance should pre-
serve a driver’s sovereignty by being sup-
portive, but not patronizing, in operat-
ing such system. The driver should not 
be inadvertently controlled by the driver 
assistance system”. 

The basic problem is often to be found 
in the input parameters of the respective 
system control. Given that driving consti-
tutes an interaction between environ-
ment, vehicle and driver, control should 
not be restrictively based on vehicle and 
environment data. Instead, the driver 
him/herself should be integrated into the 
data fusion in the form of sensor data or, 
at the very least, be able to configure sys-
tem behaviour to meet her/his own needs. 
This could be accomplished in a variety 
of ways: by accounting for driving style, 
driver intention, or driver state. With re-
spect to the first of these, an increasing 
number of driver settings already take 
driving style into account, including, for 
example, preferred distance settings in 
the case of ACC and variable warning 
times in the case of LDW. 

In the context of “driver state”, the 
first drowsiness warning systems (e. g., 
Volvo’s “Driver Alert Control”) which aim 
to recognize drops in driver performance 
over a more extended period of time are 
already on the market. Research is un-
derway on possibilities of recognizing 
short-term attention deficits due to dis-
tracting activities [6].

The recognition of driver intention of-
fers a particularly large range of possibili-
ties for improvement with respect to the 
problems mentioned above. Driver inten-
tion is to be found in all three levels of ve-
hicle guidance, although it plays only a 
subordinate role at the navigation level in 
the form of route planning. Driver inten-
tion is considerably more important at 
the guidance level (i. e., intended driving 
manoeuvres) and the vehicle control level. 
Some simple driver intention predictions 
have already found implementation, for 
example “braking” in brake assist systems. 
The high speed with which the accelera-
tor pedal is released represents a typical 

indicator of braking intention on the part 
of the driver. This indicator reliably im-
plies braking intention with very little ad-
ditional information [7]. 

Lateral and longitudinal assistance 
systems might also be adapted based on 
driving manoeuvre prediction at the 
guidance level. The prediction of an ensu-
ing overtaking manoeuvre may, for exam-
ple, enable a lane departure warning sig-
nal to be overridden independently of 
unreliable driver-intention recognition 
based on whether the driver indicates. A 
system of this kind would be considerably 
more driver-friendly. However, it is not 
only the extended time frame which 
makes predictions of overtaking manoeu-
vres difficult. The primary problem lies 
in the fact that there are no universally 
valid or singular behavioural indicators 
for overtaking manoeuvres, such as the 
sudden release of the accelerator pedal in 
the case of emergency braking. Overtak-
ing is rather characterized by the inter-
play of various environmental and driver-
related factors which must be identified 
and interpreted.

As a result of this complexity, two dif-
ferent approaches to predicting driving 
manoeuvres are to be found in the re-
spective literature. The first of these ap-
proaches encompasses studies in which 
machine-learning algorithms are used [8-
10]. Oliver and Pentland [8], for instance, 
used Hidden Markov models to predict 
overtaking manoeuvres with a high level 
of reliability approximately one second 
before their performance. As also applies 
to many other studies, the authors failed 
to assess false-positive predictions of 
overtaking manoeuvres (i. e., the number 
of overtaking manoeuvres predicted 
which did not occur). Furthermore, the 
algorithm was not validated for other 
situations or drivers, so that no conclu-
sions can be drawn concerning the gen-
eralizability of the findings. The second 
group of studies found in the literature 
apply a theoretically oriented approach 
[11,12]. Salvucci (e. g., [11]), for example, 
was able to recognize 85 % of lane chang-
es based on cognitive driver models. This 
investigations were, however, conducted 
exclusively in simulators. 

In the following, the development of 
an algorithm for the prediction of over-
taking manoeuvres is described. This al-
gorithm can be used to override unwar-

ranted lane departure warnings indepen-
dently of whether the driver indicates. 

2  The Good Passenger as Prototype

The theoretical prototype used for the 
structural composition of the algorithm 
is that of a “good passenger” who is able 
to distinguish between lane departures 
due to inattentiveness and as preparation 
for overtaking manoeuvres. The good pas-
senger is highly reliable in making very 
few false predictions. The pertinent ques-
tion is therefore how passengers recog-
nize driver intentions to overtake.

The information which the driver re-
quires when deciding to perform an 
overtaking manoeuvre predominantly 
relate to the traffic situation; informa-
tion which is also available to the passen-
ger in making manoeuvre predictions. 
An assessment of relevant traffic situa-
tion indicators via vehicle sensors should 
thus enable automatic predictions of 
driver intentions to overtake. 

Psychological action models such as 
the Rubicon Model [13] aid understand-
ing of how people form action intentions, 
make action decisions, and finally exe-
cute these actions. Potential indicators 
which – from a technical view point – 
might prove useful for prediction were 
therefore first determined based on the 
phases of this action model. In a next 
step, the list was reduced to indicators for 
which sensors in luxury-class vehicles 
were already available.

It was then necessary to collect repre-
sentative data on driver behaviour in 
overtaking manoeuvres and driver behav-
iour when following the road without 
overtaking. To this end, a field experi-
ment was conducted in which 28 partici-
pants aged between 22 and 65 years drove 
with varying speeds along a country 
road. A vehicle ahead drove partly at the 
same speed and partly 30 km/h slower 
than the recommended speed limit. Par-
ticipants were instructed that they were 
permitted to overtake vehicles ahead. 
This procedure generated data on 43 
overtaking manoeuvres. Vehicle data 
stemming from those journeys in which 
the vehicle ahead was not overtaken or in 
which the test vehicle complied with in-
structions to turn off were used as a point 
of reference. 
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Frequency distributions for the vari-
ous indicators were derived according to 
manoeuvre. The following indicators 
proved relevant for overtaking:
– distance between ego vehicle and ve-

hicle ahead
– difference in speed between ego vehi-

cle and vehicle ahead
– brake pressure ego vehicle
– accelerator pedal value ego vehicle
– accelerator pedal speed ego vehicle.
Continuing with the analogy of human 
prediction processes, the connection be-
tween information and the process of 

inferring driver intention, Zadeh’s Fuzzy 
Logic [14] was used to integrate individu-
al indicators. Similar to human inference 
processes, fuzzy input variables (e. g., 
normal to small distance from vehicle 
ahead) were connected via a set of rules 
which determined degree of member-
ship for various initial conditions and 
subsequently provided predictions. 

The Fuzzy-System was constructed us-
ing the Matlab software package (The 
MathWorks). Fuzzy Sets were compiled 
for all indicators, Table 1. The distance 
from a vehicle ahead was, for example, 

classified as “high”, “normal”, or “small”. 
Via the above named frequency distribu-
tions, it was then possible to define 
membership functions for these linguis-
tic variables. All meaningful Fuzzy-Set 
permutations were additionally com-
bined to form a body of 100 same-weight-
ed rules which distinguished between 
the conclusions “following the road” and 
“overtaking”, Table 2. “Mamdani”-method 
was used as Inference System („Mini-
mum“-Implication, „Maximum“-Aggre-
gation, „Centroid“-Defuzzification).

This Fuzzy System was subsequently 
applied to the field experiment driving 
trials. Figure 2 depicts various examples 
of CAN-signals and the algorithm-based 
prediction during an overtaking ma-
noeuvre. 

Two measures were used to determine 
the accuracy of prediction. First, the 
number of overtaking manoeuvres cor-
rectly predicted from the 43 actual ma-
noeuvres performed (operationalized as 
lane departure). A high level of accuracy 
was found with accurate system predic-
tions being provided for 41 of the 43 
(95 %) manoeuvres. In contrast to previ-
ous studies, the occurrence of false pre-
dictions (i. e., overtaking manoeuvres 
predicted in cases of no overtaking) was 
also examined based on the data of those 
drivers who “followed the road”. Wrong 
predictions occurred in only 4 of the 55 
trial drives (7 %). 

In order to employ information on 
overtaking intention in LDW systems, 
however, a certain length of time is re-
quired in advance of manoeuvre per-
formance – in this case, predictions must 
be made before the driver departs from 
his/her lane. The second measure of ac-

Indicator Fuzzy Set

Distance between ego and vehicle ahead small – normal – high 

Difference in speed: ego to vehicle ahead high – medium – near zero – negative

Brake pressure ego vehicle no breaking – small – medium – high 

accelerator pedal value ego vehicle near zero – small – medium – high – very high

accelerator pedal speed ego vehicle negative – normal – kickdown 

Table 1: Linguistic variables of Fuzzy Sets

Premise Conclusion

Distance Difference  
in speed Break pressure accelerator  

pedal value
accelerator  
pedal speed

…

normal near zero no breaking small normal following the road

normal medium no breaking high normal overtaking

small medium medium near zero following the road

high high no breaking very high kickdown overtaking

…

Table 2: Examples of rules in the Fuzzy-System – the parts of the premise are connected with 
„and“-operations; permutations of all linguistic variables can be summarized to 100 meaningful 
rules (same-weighted)

Figure 2: Example  
of an overtaking  
prediction
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curacy therefore determined the length 
of time between stable prediction of cor-
rectly classified overtaking manoeuvre 
and lane departure, Figure 3. The algo-
rithm was able to predict overtaking ma-
noeuvres an average of 2.3 seconds prior 
to lane departure. 

In summary, the algorithm under ex-
amination provided good results. None-
theless, it remains to be seen whether 
this performance was due to the stand-
ardized driving situation employed or 
whether the Fuzzy System is also able to 
deliver similar predictions on other types 
of roads and with other drivers. 

3  Validation

In order to validate the algorithm devel-
oped above, a second field study was con-
ducted. 28 participants aged between 22 
and 59 years drove an approximately 71 
km-long route over country roads, the 
motorway, and in city traffic. On this 
route, sensor data required for the algo-
rithm were permanently logged from 
CAN-Bus and video recordings of driver 
and scene observation cameras were 

made. During driving, a slower-moving 
target vehicle which provided opportu-
nity to overtake repeatedly appeared. A 
study investigator in the ego vehicle not-
ed all overtaking manoeuvres performed. 
Following route completion, the algo-
rithm was applied to all time points at 
which drivers had driven at a speed above 
60 km/h in order to account for the op-
erational scope of an LDW system. Using 
the study investigator’s notes and video 
data, it was possible to identify all cor-
rect and “false positive” predictions. 

Table 3 presents absolute frequencies 
of overtaking manoeuvres on country 
roads correctly and incorrectly predicted 
at the point of lane departure. As can be 
seen, the Fuzzy Logic System correctly 
predicted 147 of a total of 156 (94.2 %) 
overtaking manoeuvres. Three overtak-
ing manoeuvres were not identified and 
six manoeuvres were only recognized af-
ter lane markings had been crossed. This 
resulted in a total of nine unrecognized 
overtaking manoeuvres. In 16 cases, over-
taking manoeuvres were predicted with-
out actually taking place. Analysis of 
video and vehicle data revealed that 
these situations were often characterized 

by drivers strongly approaching the vehi-
cle in front. Whether these drivers pre-
maturely abandoned their intention to 
overtake remains unclear. 

In line with the first study, the length 
of time between prediction and lane de-
parture was also computed. For 117 of 
the 147 overtaking manoeuvres, the qual-
ity of lane tracking was so high that an 
exact calculation of this time span was 
possible, Figure 3. Calculations showed 
that overtaking manoeuvres were pre-
dicted on average 2.1 seconds prior to 
lane departure. Table 4 presents the dis-
tribution of overtaking manoeuvres ac-
cording to the time span between predic-
tion and lane departure. 

As mentioned above, for six overtak-
ing manoeuvres, prediction only began 
following lane departure. In 30 of a total 
of 123 cases (24.4 %), overtaking manoeu-
vres were predicted up to one second 
prior to lane departure. In 87 cases 
(70.7 %), predictions were made at least 
one second prior to lane departure.

While the Fuzzy System was developed 
based on country road data, the algo-
rithm was also applied to motorway and 
city traffic. Since these environments do 

Manoeuvre

Overtaking (156) Followed the road (16)

Prediction
Overtaking 147 16

Followed the road 9

Table 3: Overtaking manoeuvres and overtaking predictions on country roads  Absolute Percent

< 0,0 sec 6 4,8

0,0  1,0 sec 30 24,4

1,0  2,0 sec 28 22,8

> 2,0 sec 59 48,0

all 123 100

Table 4: Overtaking leadtimes on  
country roads

Figure 3: Measure of 
accuracy: leadtime
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not allow a clear distinction between lane 
changes and overtaking manoeuvres, an 
exact classification of unpredicted over-
taking manoeuvres is not possible. There-
fore, a complete examination of all pre-
dictions must be conducted. Of a total of 
128 predictions, 108 (84.4 %) were correct 
(i. e., the driver clearly overtook a vehicle). 
In 20 cases (15.6 %), a prediction was 
made although no apparent overtaking 
manoeuvre was observed.  

4  Discussion and Future Prospects

The results of the present studies give 
rise to optimism. Using currently avail-
able vehicle sensors and based on the hu-
man as prototype, the Fuzzy Logic algo-
rithm was able to predict 94.2 % of over-
taking manoeuvres on country roads. In 
70.7 % of overtaking manoeuvres, the 
time span of more than one second be-
tween predictions and the crossing of 
lane markings would appear sufficiently 
long. Depending on the parameterisa-
tion of an LDW system, overtaking infor-
mation less than one second prior to 
lane departure may also prove useful. 

These findings are even more notable 
when considering that both prediction 
reliability and the time span between 
prediction and lane departure can be 
further optimized. To date, membership 
functions are based on data from the 
first experiment and are yet to be adapt-
ed to data from the second experiment. 
In addition, the use of further indicators 
which may increase prediction reliability 
is conceivable. Indicating has, for exam-
ple, yet to be included in the algorithm. 
Three of the six cases in which manoeu-
vres were belatedly predicted would, for 
instance, have been detected at an earlier 
stage if driver indication had been in-
cluded. In the remaining three cases, 
steering wheel angle may have represent-
ed potentially useful information for pre-
dictions. 

Results on motorway driving reveal a 
considerably greater number of predic-
tion errors and also suggest that an even 
larger number of unpredicted lane 
changes are to be expected. Given that 
the algorithm was developed based on 
country road data, this is not particular-
ly surprising. False predictions are, how-
ever, not necessarily critical, since the 

overriding of lane departure warnings is 
almost never noticed by the driver. In or-
der to assure transparency of function, 
improvements in the domain of unrecog-
nized lane changes are, however, neces-
sary. Further studies in which similar al-
gorithms are developed for lane changes 
on the motorway must therefore follow. 
When considering that the number of 
false alerts issued by LDW systems can be 
greatly reduced with the help of modern 
hardware and little software, cost-benefit 
calculations already prove extremely 
positive. 

In improving ADAS, the prediction of 
driver intention is a field of great poten-
tial. In addition to the case example of 
LDW, improvements in “Blind Spot Warn-
ing” or overtaking assistants are also con-
ceivable. Predictions of other manoeu-
vres such as, for example, “turning off” 
may also prove useful in the develop-
ment of crossing assistants. 

Until vehicles completely and autono-
mously take over lateral and longitudinal 
control, the conflict associated with the 
division of roles between driver and vehi-
cle will continue to reign. As vehicles pro-
gressively take over more and more of the 
driving task, adapting assistance systems 
to the driver is likely to become absolute-
ly essential. At the end of the day, a good 
passenger does not simply stare through 
the window screen, but also pays atten-
tion to the actions of the driver. 
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Measuring Methods for Analysing 
the Braking Process in Disc Brakes

For the analysis of friction procedures in a disc brake during the braking process, no measuring methods have 
until now existed for determining the clamping forces, the active friction radius and the temperature acting in the 
friction area between the pad and the disc on disc brakes with short response times. Within the framework of 
studies carried out by the Chair of Automotive Engineering at the Technical University of Darmstadt (Germany)  and 
the TMD Friction Group, two measuring devices have been developed, and examples of their measurement results 
are introduced in the following.
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1  Introduction and Motivation

The measuring device presented in the 
following enables the clamping forces 
that act during a braking process in the 
friction area between the pad and the 
disc to be measured for the first time. In 
this area, the amount and the contact 
point are determined on the finger and 
piston sides at the same time. Further-
more, a measuring device that enables 
the temperature in the friction area be-
tween the brake pad and the disc of a ve-
hicle wheel disc brake to be measured 
during the braking process is shown. It 
features open-ended thermocouples em-
bedded into a brake pad, thus providing a 
response time that is several times faster 
than that of a standard thermocouple. 

The reason for measuring these quanti-
ties is that many of the processes in the 
brake are unknown. This is reflected in 
the large number of research and develop-
ment papers on the subject of braking 
torque and variations in the friction coef-
ficient in the following specific areas: the 
occurrence of an increase in disc thickness 
variation (DTV), squeal, brake judder, the 
occurrence of hot spots, and comfort and 
performance features. In many approach-
es, processes are studied during a braking 
process by simulating the wheel brake, 
while the occurrence of DTV is examined 
by means of a multi-body model. The in-
put of the simulation model is generally 
the brake’s clamping force as a causal ef-
fective quantity. Thus, the information 
about the clamping force can serve to vali-
date the simulation model. However, as 
both the amount and the point of applica-
tion of the clamping force are not avail-
able, the piston force is generally used in-
stead (the differences between piston and 
clamping force will be discussed later).

2  Force Measurement 

2.1  Analysis of a Disc Brake  
und State of the Art
The basic quantities of the forces in a 
brake are presented in Figure 1. The hy-
draulic pressure p and the piston surface 
AP result in the clamping force FC. The lat-
ter causes the tangential force FT = FC · 2μ 
on both friction areas. Together with the 
active friction radius ra, the tangential 
force causes the braking torque TB = FT · ra. 
After all, the braking torque, with the 
help of the dynamic tyre radius in the 
contact patch of the tyre, is the quantity 
that causes the desired braking force, and 
thus the deceleration of the vehicle. De-
tailed research has shown that some sim-
plifications are assumed in this model of 
forces [1]. Figure 2 left observes the forces 
acting on a brake pad more exactly.

The support of the tangential force on 
the stator results in a force FC,red opposite 
to the brake piston. Thus, it shows that 
the clamping force does not correspond 
to the piston force during a braking pro-
cess. Furthermore, this also shows that 
one cannot start with a uniform surface 
pressure (compare ∆FC). What is more, 
the point of application of the load shifts 
during braking, corresponding to FC,m, 
and does not lie on the same function 
line as the piston force.

A further phenomenon is presented 
on the right-hand side of Figure 2. The 
calliper can be an assumed model. It is 
likely to have a u-profile, which inevit-
ably expands under the high clamping 
forces. Because of this, the shifting of the 
points of application of the load and 
therefore a larger active friction radius 
can be expected. Furthermore, the as-
sumption that no identical shifting will 
appear on the finger and piston sides 
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Figure 1: Forces acting on a disc brake [1]
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seems reasonable, since the finger side 
has, due to its design, more elastic quali-
ties than the piston side. Analyses of the 
brake disc also show that the distribu-
tion of the surface pressure will change 
as a result of run-out or DTV. Thermal ef-
fects such as the shielding of a brake disc 
may also result in changes in the surface 
pressure of the clamping force.

From this, it follows that inconsistent 
or non-uniform surface pressure can be 
expected in a disc brake. According to [1], 
this would lead to slanted, uneven wear 
of the brake pads. Furthermore, a higher 
energy expenditure is required at those 
positions with a higher surface pressure, 
which leads to higher temperatures. On 
the other hand, according to [2], higher 
temperatures result in lower friction co-
efficients and this reduces the efficiency 
of the brake. According to [1], the com-
fort of the brake is also reduced, since 
unevenly worn pads increase the sensi-
tivity to squealing.   

In order to determine the influence of 
these measures and the actual surface 
pressure, various methods were devel-

oped. The state-of-the-art methods are 
the tension-optical ball pressing process 
[1], pressure indication films from the 
company Fuji and electrical pressure in-
dication films from the company Tek-
scan [3], for example. Beside their limited 
accuracy (for example Tekscan fault indi-
cation > 10 % [3]), all these methods have 

the disadvantage that they can be only 
applied by a static brake disc. As can be 
seen in Figure 2, however, it appears that, 
during the braking process, other distri-
butions lead to the clamping force by the 
support of the tangential force. In these 
methods, the effect of calliper expansion 
can be primarily examined, but this will 
not behave in the same manner during 
the actual braking process as during a 
test with a static disc. Measuring meth-
ods for determining the clamping force 
during a braking process do not exist to 
date. The focus of this study lies on deter-
mining the point of application of the 
clamping force of the finger and piston 
side during the braking process.

2.2  Structure and Model  
of the Measuring Brake Pad
An analysis of the force lines in a calliper 
(a Continental Teves type 2 FNR-Al42 was 
chosen as an example) shows that the 
best measurement point is to be found in 
the friction material before the forces 
are split (details in [4]). Comparing differ-
ent sensor principles with the require-
ments resulted in the use of the piezo-
electrical effect.

For the measurement of the point of 
application of the load of the clamping 
force, four piezo quartz sensors were in-
stalled between the back plate and a sup-
port plate, Figure 3. In the following, the 
measuring brake pad is referred to as 
the iPad. 

Figure 4 shows the model concept of 
the measuring brake pad. In order to de-
termine the acting clamping force, the 

Figure 2: Left: forces acting on a brake pad during a braking process [1];  
right: calliper expansion under brake pressure

Figure 3: Measuring brake pad (iPad)

Figure 4: Model concept of the measuring brake pad (details in [4])
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aggregated signal of the four single forc-
es is formed. The point of application of 
the load is determined by a moment bal-
ance in the sensor measuring level. 

2.3  Specification and  
Measurement Uncertainty
The iPad is of the same size as the origi-
nal brake pad. The friction material layer 
is 4 mm thick, which is equivalent to a 
lifetime in a series-production vehicle of 
approximately 10,000 km. The clamping 
forces FC can be measured in a range 
from 1.2 kN to 16.5 kN. 

In consideration of potential measure-
ment errors for example by reason of 
drift (change of the signals due finite re-
sistance of the measurement chain) 
changes of temperature and hysteresis, 
the uncertainty of the measurement 
with a static brake disc assumes a maxi-
mum of 1 %. Whereas the maximum un-
certainty of the measurement during the 
braking process was 1.7 % (explanation 
and proof in [4]).

2.4  Results
The indications of the positions of the 
sensors in the brake pad for the following 
results correspond to Figure 5. The curve 
of the four sensors of the piston-side pad 
is presented as an example in Figure 6 left 
at a braking pressure of 40 bar and with a 
static brake disc. Figure 6 right shows the 
curve during a braking process with an 
initial speed of 15 m/s (425 rpm). 

It can be derived that the outer sen-
sors transfer greater forces. This increas-
es further with increasing braking pres-
sure – corresponding to the model con-
cept of expanding the calliper at increas-
ing pressure. The right-hand side clamp-
ing force variations are visible. These are 
the result of brake disc thickness varia-
tions and will be analysed later.

Figure 7 summarises the results of the 
measurements for the static brake disc 
and for braking at an initial speed of 
15 m/s (425 rpm) at the finger-side and 
piston-side pad.

It can be derived that the point of ap-
plication of the load moves by 10 mm on 
the piston side to the outside with a stat-
ic brake disc when the braking pressure 
rises from 10 bar to 60 bar. This effect is 
approximately 12 mm greater on the fin-
ger side, which can be explained by the 
design of a brake, Figure 2, since the 

brake is connected to the suspension on 
the piston side and is stiffer than the fin-
ger side, which has to be led over the 
brake disc. During a braking process, the 
points of application of the load shift in 
the direction of the leading edge. This 
corresponds to the model concept ac-
cording to [1], Figure 2. If these results 
are transferred to the change in the fric-

tion radius, there is a rise in braking 
torque by approximately 7 % for this 
brake at a braking pressure of 60 bar. 

In the following, the brake torque 
variation and the clamping force varia-
tion shown in Figure 6 are analysed with 
the iPads. The braking parameters are 
40 bar brake pressure and the initial 
speed is 30 m/s. The disc thickness varia-

Figure 5: Indication of the sensors in the brake pad

Figure 6: Left: curve of the normal force of the single sensors of the piston-side pad, static 
brake disk; right: during the braking process

Figure 7: Shift in the point of application of the load during a braking process
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tions of this new brake disc are a maxi-
mum of 8 μm.  

Figure 8 shows the brake torque dur-
ing a braking process. The brake torque 
varies by 1.7 % in the area of φ ≈ 170° to  
φ ≈ 280° of the brake disc. In the next 
two figures, the course of the load mag-
nitude and the point of application of 
the piston-side and finger-side clamping 
force are shown to analyse these brake 
torque variations.

It can be derived that the forces FC,P 
and FC,F simultaneously rise and fall. This 
is an indication for disc thickness vari-
ants. What is noticeable is that the vari-
ants are larger on the finger side than on 
the piston side and both are larger than 
the change in the braking torque. The 
variations in the course of the points of 
application of the clamping force ra,P and 
ra,F are less than the variations of the load 
magnitude. The positions of the maxima 

and minima are close to the maxima and 
minima of the load magnitude. The 
measurement results confirm theories 
of the braking process, for example Egg-
leston [5], but for the first time these 
could be proven both qualitatively and 
quantitatively. These measurement re-
sults show that, during this braking pro-
cess, the variation in the clamping force 
is the dominant parameter for the brake 
torque variations. Further measured data 
and calculations, such as the curve of the 
friction value, the curve of the brake 
pressure and the curve of the point of ap-
plication during one brake disc rotation, 
can be seen in [4].

2.5  Conclusions und Outlook
The measuring device presented here en-
ables the amounts and points of applica-
tion of the clamping forces during a brak-
ing process to be measured for the first 

time. A disc brake without iPads is com-
parable to a black box. The known input 
is the hydraulic pressure phyd and the 
known output is the brake torque TB. On 
the basis of these two parameters, other 
values were estimated. Using the iPads, it 
is possible to measure the clamping forc-
es FC,i, the points of application and the 
active radii rC,i. Furthermore, it is now 
possible to calculate the friction value μB 
between the pads and the disc and the 
degree of efficiency η (shown in [4]). 

The integration of the sensor into the 
brake pad makes it possible to apply this 
design principle in almost every disc 
brake. The model concepts according to 
[1] and the enlarging of the calliper un-
der braking pressure, Figure 2, could be 
confirmed for this calliper. The benefits 
include the one-time determination of 
the change in the point of application of 
the load for a defined calliper. Subse-
quently, this information can be used as 
a correction factor for test bench experi-
ments, and some factors of the real fric-
tion coefficient can be determined with 
more precision. At the same time, the 
measuring device can be examined for a 
uniform pressure on the brake pad on 
the brake disc during a braking process. 
Piezo quartz sensors are very suitable for 
high-frequency measurements. Thus, 
changes in the clamping force can also 
be recorded in the range of squeal fre-
quencies (up to approximately 20 kHz).

Further benefits can be found for the 
study of brake disc geometrical failures 
(for example run-out, disc thickness varia-
tion), which are reflected in changes in 
the point of application of the load de-
pending on the speed. In such studies, a 
kind of a circular movement of the point 
of application of the load with a move-
ment diameter of 0.5 mm was deter-
mined (shown in [4]). This information 
could be very helpful for investigations of 
judder and variations in braking torque.

3  Temperature Measurement

3.1  Objective and State-of-the-Art 
The task was to design a measuring sys-
tem to measure the temperature between 
the brake pad and the brake disc of a pas-
senger car. The temperature was to be 
measured within the friction surface. 
The requirements to be met include a 

Figure 8: Analysis of a sample braking procedure
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working temperature range of between 
-40 °C and 1200 °C, clamping forces up 
to 40 kN, and the ability to cope with the 
wear of the brake disc (up to 4 mm) and 
wear of the brake pad (up to 10 mm). The 
measuring system has to match the high-
ly dynamic temperature variations found 
on the brake disc in particular.

Different approaches for this task ex-
ist. In mass-produced vehicles, the tem-

perature of the brake disc is estimated 
only by parameter-based models. In re-
search, two groups of devices are used. 
Optical measurement systems include 
pyrometers, thermal cameras and ther-
mal scanners. The use of these systems is 
limited to those areas in which the line 
of sight is unobstructed. This prevents 
them from being used for measuring the 
outboard temperature of the brake disc 

in test set-ups including a rim. Thermo-
couples are deployed both within the 
brake pad as well as in the brake disc, 
where collector rings are included in the 
circuit. Thermocouples are commonly 
used with a welded tip. The dimensions 
of this weld, particularly the thermal ca-
pacity, determine the response time, 
which increases with the size of the 
weld, and the lifetime of the thermocou-
ple, since it is exposed to the wear pro-
cesses in the friction area. Open-ended 
thermocouples were found to provide a 
shorter response time than closed ones, 
but these have not yet been used for ve-
hicle brake temperature assessment. A 
similar solution was proposed to deter-
mine the surface pressure distribution 
within the brake pad [1].

3.2  Idea and Implementation
The idea presented here is to directly em-
bed an open thermocouple in the brake 
pad in order to measure the temperature 
in the contact area of the brake pad and 
disc with a very short response time. The 
device described here is able to cope with 
wear in the friction area.

Figure 9 shows a commonly used ther-
mocouple on the left and the new type 
on the right. They differ in that the ther-
mocouple on the left closes the electric 
circuit by means of the welded tip, 
whereas the thermocouple on the right 
includes the test specimen (that is the 
brake disc) in the circuit. There is no 
welded tip and therefore no thermal ca-
pacity to heat up or cool down, which 
means that this set-up promises a very 
short response time limited to the elec-
trical properties. 

For a closed thermocouple, the ther-
moelectric power per degree Kelvin [μV/K] 
is given by the difference of the thermo-
electric potentials of the two materials 
(also known as the Seebeck coefficients) 
of the thermocouple. When the conduc-
tors of the thermocouple are connected 
by the brake disc and both conductors 
are faced with the same temperature, 
this equation applies, where obviously 
the influence of the third material is can-
celled out (shown with the equation in 
Figure 9, proof and details in [6]). Further-
more, the schematic application of an 
open-circuit thermocouple embedded 
into a brake pad during a braking process 
is illustrated. The embedded thermocou-

Figure 9: Measuring principle 

Figure 10: Top: step response of closed and opened thermocouple; bottom: full stop from 
100 km/h, constant brake pressure of 50 bar; 5 Hz low-pass filtering of temperature signals
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ple wears simultaneously with the brake 
pad and the functionality is preserved 
throughout the life of the brake pad. 

There are two methods of closing the 
circuit of the embedded open-circuit 
thermocouple in order to assess the tem-
perature in the friction zone between 
the brake pad and the disc during the 
braking process. In the case depicted in 
Figure 9, the circuit of the thermocouple 
is closed by the electrically conductive 
surface of the brake pad. The other meth-
od is to close the circuit by the brake 
disk. Two kinds of embedded open-cir-
cuit thermocouples that differ in the 
way that the open circuit is closed were 
developed. They differ in the use of the 
insulation of the thermocouple wires.

3.3  Results
Figure 10 depicts the step-input response 
of a closed, welded-tip thermocouple and 
the step-input response of an open-cir-
cuit thermocouple for the event of a tem-
perature step at the measuring tip. In 
order to receive a fast response of the 
thermocouples, the measuring tip of 
each thermocouple is exposed to an 
abrupt change in temperature. The meas-
uring tip of the closed-circuit thermo-
couple makes contact with the measured 
object. The open-circuit thermocouple is 
directly faced with an abrupt tempera-
ture change of the measured object, 
which simultaneously incorporates the 
boundary of the measuring tip of this 
type of thermocouple. In this case, it 
takes place during a hundredth of a sec-
ond, whereas the closed-circuit thermo-
couple requires a couple of seconds to 
sense the temperature of the measured 
object. The faster response of the open-
circuit thermocouple compared to the 
closed-circuit thermocouple is due to the 
measuring tip, which is simultaneously 
the measured object, while the measur-
ing tip of the closed-circuit thermocou-
ple has to adopt the temperature of the 
measured object.

Figure 10 shows the temperatures 
measured with an open and a closed 
thermocouple during a braking process 
with 50 bar brake pressure, starting at a 
wheel velocity of 100 km/h and coming 
to a full stop. With the open thermocou-
ple, the steep increase in the friction 
temperature can be seen. This behaviour 
could only be recorded by this new meas-

urement method. Subsequently, the tem-
perature decreases even during the brak-
ing action. This can be explained by the 
heat emission due to the friction process 
into brake disc and pad, which depends 
on the braking power, and therefore on 
the velocity.

3.4  Conclusions of the  
Temperature Measurement
The measuring device described here is 
capable of dynamically measuring the 
temperature in the friction area between 
a brake pad and the brake disc during a 
braking manoeuvre. It features open-
ended thermocouples embedded into 
the brake pad, providing a response time 
to a step-input temperature change sev-
eral times faster than that of a closed-tip 
thermocouple. The temperature-measur-
ing process by means of the open-ended 
thermocouples is independent of the ve-
locity and the brake pressure.

As it is embedded into the brake pad, 
this device, unlike other known measur-
ing methods, which operate outside the 
brake pad, offers new ways for assessing 
the processes in the brake disc friction 
area, for research, development and 
mass-produced vehicles.
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