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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
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EDITORIAL

Surviving the Crisis

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.

Jehannes Winterh @

iesbaden, 20 October26608
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COVER STORY Safety

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)

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

The Author

Dr.

Joachim Tandler

is expert for radar
and fusion systems in
Continental’s Chassis
& Safety Division in
Lindau (Germany).
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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 shortrange 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

6  ATZ 1112008 Volume 110
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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

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 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

personal buildup for Force Motors Ltd.



Figure 4: 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

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 4. 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 5, 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 6: 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

(§) Radar fraflex point)

0 Video [detected edge)

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.

5
Radar 1 ar 2
y L'
X
Host vehicle

Figure 5: Scheme of the separate radar
and video data before fusion

ATZ 1112008 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.

8  ATZ 1112008 Volume 110

Safety

Figure 6: 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
5 giveninm)

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 eft
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.
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Figure 8: Tube actuator’s design principle
(top: initial position; bottom: position after activation)

Figure 9: The actuator system, installed in a test vehicle

This seals all the gaps between the outer
metal skin and the seat.

Figure 8 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

ATZ 1112008 Volume 110 9
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Figure 10: Crash analysis in detail: over a wide area, the penetration depth is reduced by

more than the target of 50 mm

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

Project Participants and Co-authors

Several companies and institutes
have collaborated on the Aprosys
Sub-Project No. 6:

Dr. Dieter Willersinn, Michael Grinberg;
Fraunhofer-1ITB (Germany): development of
the stereo camera system

Eric Zimmerman, Vlad Muntean;
Faurecia (France): actuator subsystem
integration, coordination of actuator
development

Bjorn Seipel, Thorsten Koch, Dr. Tobias Melz;

Fraunhofer-LBF (Germany): shape memory
alloy technology, actuator development

10 ATZ 1112008 Volume 110

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-

Monica Diez; CIDAUT (Spanien),
Jorge Ambrosio; Instituto Superior Técnico
(Portugal): simulation and crash test analyses

Tomasz Dziewonski; Warsaw Technical
University (Poland): study into driver behavior
in side collisions

Richard Schram, Ronald de Lange;
TNO (Netherlands): accident statistics
analysis, pre-crash tests

Christian Mayer; Daimler (Germany):
test coordination, test execution

Author and co-authors like to thank the
European Commission for co-funding this
Aprosys Sub-Project (TIP3-CT-2004-506503).

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.

4 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-

personal buildup for Force Motors Ltd.



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.

5 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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COVER STORY Safety

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)

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 shortrange 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

6  ATZ 1112008 Volume 110

Safety

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

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 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

personal buildup for Force Motors Ltd.



Figure 4: 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

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 4. 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 5, 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 6: 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

(§) Radar fraflex point)

0 Video [detected edge)

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.

5
Radar 1 ar 2
y L'
X
Host vehicle

Figure 5: Scheme of the separate radar
and video data before fusion

ATZ 1112008 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.

8  ATZ 1112008 Volume 110
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Figure 6: 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
5 giveninm)

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 eft
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.
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Figure 7: Data diagrams (explanations see text)
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Figure 8: Tube actuator’s design principle
(top: initial position; bottom: position after activation)

Figure 9: The actuator system, installed in a test vehicle

This seals all the gaps between the outer
metal skin and the seat.

Figure 8 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

ATZ 1112008 Volume 110 9
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Figure 10: Crash analysis in detail: over a wide area, the penetration depth is reduced by

more than the target of 50 mm

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

Project Participants and Co-authors

Several companies and institutes
have collaborated on the Aprosys
Sub-Project No. 6:

Dr. Dieter Willersinn, Michael Grinberg;
Fraunhofer-1ITB (Germany): development of
the stereo camera system

Eric Zimmerman, Vlad Muntean;
Faurecia (France): actuator subsystem
integration, coordination of actuator
development

Bjorn Seipel, Thorsten Koch, Dr. Tobias Melz;

Fraunhofer-LBF (Germany): shape memory
alloy technology, actuator development
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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-

Monica Diez; CIDAUT (Spanien),
Jorge Ambrosio; Instituto Superior Técnico
(Portugal): simulation and crash test analyses

Tomasz Dziewonski; Warsaw Technical
University (Poland): study into driver behavior
in side collisions

Richard Schram, Ronald de Lange;
TNO (Netherlands): accident statistics
analysis, pre-crash tests

Christian Mayer; Daimler (Germany):
test coordination, test execution

Author and co-authors like to thank the
European Commission for co-funding this
Aprosys Sub-Project (TIP3-CT-2004-506503).

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.

4 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-
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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.

5 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

Mikro module with Conventional
vacuum folding airbag module

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-

-y

Figure 1: Size comparison
between a conventional
airbag module and a vacuum
folded airbag module

The Authors

Claus Rudolf

is head of the Core
Engineering Front and
Numerische Simula-
tion at the Takata-Petri
AG in Aschaffenburg
(Germany).

Frank Sauer

is head of the Core
Engineering Front Air-
bags at the Takata-
Petri AG in Aschaffen-
burg (Germany).

Tobias Fechner

is project leader Vacuum
Folding Technology and
specialist for passenger
airbags in the division
Core Engineering Front
Airbags at the Takata-
Petri AG in Aschaffen-
burg (Germany).

ATZ 1112008 Volume 110 13

personal buildup for Force Motors Ltd.



COVER STORY

Safety

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

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 1 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

14 ATZ 1112008 Volume 110

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-

Figure 3: Vacuum
folded standard
driver airbag

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.

personal buildup for Force Motors Ltd.



Figure 4: Exploded view of a
micro module

- ==

Figure 5: Height reduction of an airbag module by vacuum folding

Deployment behaviour of covear
and fod |s almost identical

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

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

ATZ 1112008 Volume 110 15
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Figure 7: Microscopic analysis of a vacuum folded airbag fabric

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-
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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 8: Explosion view of a FEM model from a micro module incl. foil and pictures of a

simulated deployment behaviour

personal buildup for Force Motors Ltd.



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

Acceleration [g]

1 Vacuum folded module
2 Vacuum folded module

Distance [mm]

Figure 10: Identical energy absoption performance of a standard airbag module and

a vacuum folded module at a pendular test

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-ofposition 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 CO?2
-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. |

Figure 11: Future steering wheel design
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DEVELOPMENT Driving Dynamics

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 selfsteering
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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= Dynamic
) xDrive

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 selflocking 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-

20  ATZ 1112008 Volume 110

Performance Control

Figure 1: Understeer avoidance and car stabilisation

Driving Dynamics

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)
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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.

Disturbance variable

Central module driving dynamics in ICM

Driving situation

Figure 3: Functional structure of the central driving dynamics module

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. p-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-

Torque [Nm]
1 Difference; — FADSC — TV moment
— RADSC Total
Time [s]
Speed [mis]
! Wheel: — FL — RL
—FR —RR
Vehicle
Time [s]

Figure 4: Superposition of TV and brake control for p-split moving off
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Driving situation

Target
yaw moment

|
O

L
C

Driving Dynamics

TV moment
Dynamic Performance Control

Steering angle
Active Steering

Brake activation

Figure 5: Simplified functional logic for the distribution between Dynamic Performance

Control, Active Steering and target yaw moment

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 selfsteering 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:

Breather

Separation
of oil chambers

- 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

Differential

Multi-disc brake

Asynchronous

QOuter Inner
sun wheel sunwheel

Planet carrier

Figure 6: Final drive of BMW Dynamic Performance Control
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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.

personal buildup for Force Motors Ltd.



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.

WITHOUT torque transfer
Miere = Mright

-

= Same behaviour as with
conventional final drive

= Driving straight-ahead:
Planetary gear circulates
“in a block"

* |[n a bend; Planetary gear
rolls without load

Basic gearbox
Superposition unit “left"
Superposition unit “right”

Figure 7: Summary of torque flow

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.

@

1 Dynamic Stability Contral

2 DSC sensor
3 xDrive transfer

WITH torque transfer
Migit < Mrignt

WITH
drive torque

= Planetary gear
opens second
load path

WITHOUT drive torgue

* Force transfer
independent
of drive power

B Planetary gear

B Multi-disc package
== Torque flow

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

4 Active Steering

5 ICMECU

& Dynamic Performance
Contral final drive

7 Dynamic Performance
Contral ECU

8 xDrive ECU

case

Figure 8: System overview — Components in the car
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Driving Dynamics

Torgue [Nm] System behaviour: Boost from 100 Nm to 900 Nm
TARGET torque Wi
Upper tolerance limit
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I
|
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Figure 9: Torque jump

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

Axial range

flat
area

Figure 10: Ball-in-ramp track
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area  stop

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.
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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-Tamp 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
CO, 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 