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LIgHTINg TECHNOLOgY fOR TOmORROw
4, 10 | The frequency of road traffic accidents by darkness is still twice as high as that by daylight. To 
bring light into the darkness, ATZ presents advanced developments of lighting engineering for tomorrow. 
Automotive Lighting uses LED-based headlights in order to variably and adaptively divide the light on the 
road. For the year 2050, Visteon has designed a car whose LED headlights have the first bending light 
with adaptive high beam that is ready for series production.
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Editorial

Dear Reader, 

This weekend, we heard the news – at 
last, one is tempted to say – that the 
countries organised in the “United Na
tions Framework Convention on Climate 
Change” in Cancun have agreed on a tar
get to limit anthropogenic global warming 
to two degrees Celsius. The (smaller) 
group of those states who had consented 
to comply with the Kyoto Protocol even 
passed a resolution in Mexico that a re
duction in CO2 emissions by between 
25 and 40 % by 2020 is necessary.  

“Reduction” — that sounds like being 
forced to give up something. But let us 
not fool ourselves: even if we dramatically 
limit ourselves, people in emerging econo
mies will not be deterred from wanting to 
achieve our level of affluence. Today, 
around two billion people on this planet 
live without an electricity supply. And on
ly about half a billion own a car. In 2050, 
when my oldest son will be 52 years old, 
the world’s population will be between 
nine and ten billion people, with the 
fewest of them living in Europe. These 
people will want the same rights to have 
internet access, a car, good food and 
 comfortable accommodation as we have. 
And they will do everything they can to 
achieve it. 

A reason for resignation? I say: no! Let us 
recall the founders of our prosperity. In
ventors like James Watt, Rudolf Diesel or 
Werner Siemens. They liberated us in the 
industrialised nations from arduous phy
sical tasks by providing machines to per
form our work. Often, they had to battle 
against tremendous resistance.  

Modern engineering generations have to 
master the challenge of designing energy 
production and conversion in such a way 
that our planet does not suffer irreparable 
damage. The human mind is capable of 
addressing such challenges. We therefore 
have every reason to look forward to the 
future with confidence and to play a part 
in designing it. 

In the hope that you share my confidence, 
I wish you a Happy New Year!  

 
JohannEs WintErhagEn, Editor-in-Chief
Frankfurt/Main, 12 December 2010 

CONFIDENCE
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New light sources conquer the exterior vehicle lighting. LED-based headlamps and taillights offer an attractive 

design but also the possibility to make lighting functions more variable. Automotive Lighting explains how 

 adaptive distribution of portions of light on the road – related to vehicle speed, oncoming traffic and environmental 

conditions – become possible now.

InnovatIve LIght sources 
for vehIcLes

4
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Dr.-Ing. MIChael haMM 
is head of the Lighting technology 

Development and innovation 
 department at Automotive Lighting in 

Reutlingen (germany).

AuthoR
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one Century of BulBS

It is a gradual process, but no one really 
wants to stop it: the time of the bulbs is 
coming to an end. After Thomas Alva Edi
sion filed the key patent in 1879, bulbs 
served all functions of lighting and vehicle 
lighting for more than a century.

LEDs were first introduced in the 1990s 
in taillights. This at that time expensive 
technology was the ultimate solution for 
space problems or for in those times ex 
tremely challenging styling variations. In 
the headlamps, first “hybrid” models were 
seen in 2004. This technology leap was 
supplemented since the late 1980s by the 
high intensity discharge lamps (HID 
lamps, called Xenon lights in Germany) 
for the low beam and high beam function. 
From 2003 they were also used as curve 
light.

PhySICS anD DeSIgn  
PoSSIBIlItIeS of leD

The properties of the new light source LED 
are fundamentally different than those of 
incandescent lamps with tungsten filaments 
inside. In HID lamps, a plasma is gener

ated. This is created in cherry pit sized 
burner, where AC voltage drives an ion 
mixture that produces light via recombi
nation radiation.

But LED light is produced directly in 
the semiconductor crystal. After the 
application of a forward voltage the LED 
emits light direct from the semiconductor 
material. The resulting colour is defined 
by the gap between valence and conduc
tive ban. The colour “yellow” originates 
directly in the LED by using Aluminum
IndiumGalliumphosphid (AlInGaP) 
based material. The most effective way 
to generate white colour from the LED is 
the phosphor conversion process. A blue 
emitting diode or IndiumGalliumNitrite 
(InGaN) generates in combination with a 
phosphor layer above the semiconductor 
the mixture of blue and yellow colour, 
thus white light.

The surfaces that create luminance in 
LED have become smaller in comparison 
to the old bulbs, they are quasi point 
sources. A single LED used for signal func
tion comes with a side length of the semi
conductor crystal of 0.2 mm. A small 
drawback, how  ever, is this: Even LED not 
convert all the electrons into photons, a 

large portion is converted into heat (cur
rently heat losses around 70 %, in four to 
six years the losses could be reduced to 
50 %). The small semiconductor must 
therefore connected to heat sinks and cool
ing systems in order not to be damaged 
irreparably. CO

2 emissions can be reduced 
by LED [1].

lIghtIng teChnologIeS  
In the vehICle

The light on the car is subject to legal 
regu lations in order to ensure that the 
driver or other road users get unambigu
ous in  formation and to increase traffic 
safety [2]. Generally, three different tech
nologies and their mixture for light gener
ation can be named:
 : Reflection with reflective surfaces (for 

example aluminum vaporcoated 
reflectors)

 : Projection with optical imaging (for 
example cylindrical lenses or spherical 
lenses, which project a virtual light 
source / light distribution)

 : Light guide (optically transparent 
media, the light is transported inside 
without losses) 

 : Combinations of the three basic 
techniques.

In ❶, the functional principle, the direct 
efficiency and an example are presented.

lIght guIDeS

The characteristic feature of the light 
guidance through an optical system is the 
total internal reflection (TIR) that means 
the rays are 100 % reflected at a surface 
between an optical medium with high 

teChnology refleCtIon lIght guIDe CoMBInatIon

funCtIonal PrInCIPle

DIreCt effICIenCy  
(wIthout other eleMentS)

40 – 60 % 10 – 20 % 40 – 50 %

exaMPle

❶ technical options for the modern light source LED daytime running the example; efficiency can vary considerably depending on geometric and optical conditions

❷ customized specific day and night styling in the functions daytime running light / position light will more 
and more be see on our streets (f.l.t.r.: N. N., BMW, Audi, opel)
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refractive index and the air with low 
refractive index.

For outcoupling from the light guide 
again, the beam direction must be 
changed in order to exit the TIR condi
tions. Light guides, no matter if tubular, 
thin or thick, 3dimensional or free 
shaped, need on the back side a series of 
prisms (or general outcoupling elements) 
that redirect the light in the desired and 
technically feasible direction, ①. Addition
ally the prescribed light distribution is 
produced.

The customer’s demand is to have a 
homogeneous appearance. It should be 
as evenly lit from many angles of obser
vation, not only in the angular zones 
that are intended by legislature. The 
light guides achieve this quite well, but 
at the expense of efficiency in terms of 
pure function. Daytime running lights 
(DRL) with light guides, 2, however, are 
still more efficient than conventional 
incandescent bulbs. Depending on the 
design and contour significant reduc
tions can be achieved. With a power of 
10 to 15 W per headlamp this is just half 
of the consumption compared to 25 to 
35 W of a conventional bulb driven DRL 
solution.

MaIn lIghtIng funCtIonS:  
low BeaM anD hIgh BeaM

In the modern headlamps several sub
modules jointly generate the light pattern. 
This means also additional adjustment 
operations during the production of the 
complete low beam module. Two submo  d
ules create a broad, symmetrical basic 
light distribution. The Mercedes CLS mod
ules were designed in reflection technol
ogy around the spot module, in the Audi 
A7 this are projection modules aside the 
spot. The spread is about 40° and the 
maximum of about 10 lux. The spot is a 
narrow but powerful light distribution 
with 10° spread and a high maximum of 
around 65 lux.

In most LED lamps you usually can find 
a fourth, mostly hidden LED light module. 
It is the static curve light, also called the 
cornering light. The purpose is to extend 
the lateral spread, but is used not only in 
junctions or turning situations.

all-eleCtronICS heaDlaMP 
funCtIonS

The new allLED headlamp generations 
are equipped with adaptive lighting func

tions. Tthat means the low beam and high 
beam is controlled automatically to differ
ent driving and external parameters to the 
traffic and weather situations by using 
electronics control.

Curve light, allweather lights with 
 integrated fog function, the camera 
controlled automatic leveling on rural 
roads (> 75 km/h) and motorway light 
(> 115 km/h) are ensuring under all driv
ing conditions an optimal illumination of 
the road. As described above, modern 
headlamps today are equipped with sev
eral highpower LED modules. Each LED 
submodule provides a certain area of 
road with light. In contrast to the conven
tional technologies, the light can be “re 
distributed” electronically depending on 
the ambient conditions.

all-weather funCtIon

Via a rain sensor or a manual fog light 
switch the headlamp receives the com
mand to activate the allweather function. 
The LED spot module, which is responsi
ble to create a superb range, is reduced in 
both headlamps to about 60 % of its origi
nal power. Thus, the two static cornering 
light modules are activated, ❸.

LED low beam
50 m

50 m
50 100 150 200 250 m

  

Performance

900 lm
m

Luminous flux 2x900 Im
Range  135 m
Width  45 m          

  0

900 lm
m

LED all-weather light
50 m

50 m
50 100 150 200 250 m

Performance

Luminous flux 2x900 Im
Range  120 m
Width  62 m          

❸ Adaptive LED all-weather light produced by the redistribution of power in the LED headlights; the side illumination is increased and the scope is withdrawn
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The total power consumption in the 
vehicle remains the same. However, an 
entirely different light distribution is 
generated: In adverse weather condi
tions and low vehicle speeds the light is 
distributed on the lateral side roadway 
and increases the orientation on the 
road. Additionally the redirection of 
light from the front to the sides reduces 
both selfglare in fog or glare of oncom
ing traffic.

By using the navigation system, a pre
dictive light control is possible. In the 
mode city light, a widened light distribu
tion and a better side illumination in pop
ulated areas significantly increase and 
enhance the driving comfort.

Motorway funCtIon

Via the navigation system and the speed 
signal the headlamp receives signals to 
activate the motorway light function, ❹. 
The two basic light reflectors that produce 
a widespread side illumination are re 
duced in performance. The spot module, 
which is responsible for creating an out
standing range, is operated in both head
lamps with 40 % more power.

The total power consumption in the ve 
hicle remains the same with a completely 
different light distribution as before: At 
high speeds on the highway the light dis
tribution enables increased detection dis
tance and more comfortable viewing con
ditions. The adaptive leveling function on 
rural roads and highway driving is con
trolled electronically. Depending on traffic 
conditions and driving dynamics, the cut

off limit is additionally raised and helps 
increasing the range of the motorway 
function.

Curve funCtIon

Steering angle and navigation system in 
formation indicate that the car is approach 
ing a curve. If the headlights would only 
look straight ahead, the visibility distance 

  0

900 lm
m

LED low beam
50 m

50 m
50 100 150 200 250 m

Performance

Luminous flux 2x900 Im
Range  135 m
Width  45 m          

  0

900 lm
m

LED motorway light
50 m

50 m
50 100 150 200 250 m

Performance

Luminous flux 2x900 Im
Range  180 m
Width  48 m          

❹ Adaptive LED motorway light produced by the redistribution of power in the LED headlights; range and visibility is increased and side illumination is reduced

❺ Adaptive LED curve light in the Mercedes-Benz cLS is produced by pivoting the spot module within the 
complete low beam module; no need to move the two basic light reflectors to the left and the right
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on the street would be reduced in this 
particularly dangerous situation. A new 
developed curve light module allows the 
ideal adjustment of the central far distance 
light to follow the course of the road, ❺. 
Within the module the spot pivots to fol
low the road, without the need to move 
the whole system.

In the lower area of its headlamps Mer
cedes CLS offers an active nightvision 
system. This function is realized first with 
a twodimensional array in infrared tech
nology. An infrared sensitive camera in 
the vehicle detects the radiated of the street 
scene and provides the corresponding 
image on a monitor in the cockpit.

PraCtICal reSultS  
for traffIC Safety

The theoretical potential of a good light
ing was so far only a rough guess, al 
though every driver with the “dim light” 
illumination of a 6V system remembers 
the old Bilux lights. Additionally, only a 
rough separation in light perfor mance 
could be done. For the first time a study 
by TÜV Rheinland [3] has proven in 
2007 that vehicles equipped with HID 
light (that means with a performant illu
mination) in comparison to halogen light 
(that means with rather minimal conven
tional illumina tion) show reduced acci
dent rates at night.

The accident ratio day/night was com
pared by two different vehicle test groups, 
❻. The results show that cars equipped 
predominantly with HID lights (which are 
a synonym for good lighting) produce 
about 30 % fewer accidents on rural roads 
and motorways [4, 5]. The accident ratio 
of day / night in city traffic was still the 
same in the two test groups, however. 
This increases the reliability of the study 

and correlates well with the lighting con
ditions in urban compared to rural roads. 
Out of town’s own lights are often the 
only light for orientation and there good 
lighting matters.

If all vehicles in Europe were equipped 
with such powerful lights, according to 
the investigations 3970 fatalities and more 
than 46,000 accidents could have been 
avoided. The performance of the today’s 
modern LED headlamps has reached or 
exceeded the HID lights level investigated 
here – so it is a good perspective those 
lamps can help reducing accidents. 
Results will be available most probably in 
three or five years.

SuMMary

The electronic headlight is no dream any 
more. Today navigation, sensor and camera 
information control the headlamp. They 
turn, adjust the distribution of light and 
operate the automatic high beam lamps. 

The result is together with a good LED 
module a good light. Good lighting reduces 
accidents and can prevent fatalities.

The innovative light sources have made 
a real upheaval in the headlights. Styling 
and function, attractive appearance and 
safety are no contradictions any more.

referenCeS
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logic Potential and Limits with Lighting Functions. 
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❻ Results of the study by tÜV Rheinland [3]: 30% fewer accidents on highways for vehicles with good light 
compared to conventional halogen light
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Prototypes are connecting many concept ideas of the future to series production developments of today. Visteon 

changed over a series production model to its latest demonstration vehicle C-Beyond. Chief among them is the 

front lighting system capable of meeting the most recent European legislation. It is the first series-production 

ready full LED application for automatically changing between high and low beam as well as static bending light.

Stephan preuSSler 
 is Leader Advanced Trends Analysis 

at Visteon in Kerpen (Germany).

Dr. rainer neumann 
is Director Global Lighting Business 

Development at Visteon in Kerpen 
(Germany).

VlaDimir Kubena 
is Manager Exterior Lighting at 

 Visteon-Autopal in Novy Jicin  
(Czech Republic).

AuTHoRS

Full lED Front lights with 
ADAptivE high BEAm

aDVantageS of leD technology

LED light sources are becoming increas
ingly popular in automotive industry. The 
stop/tail function of rear lamps, as well as 
the centre high mounted stop lamp, is an 
already well known LED application – also 
due to their quicker response behavior. But 
the use of LEDs for the main functions of 
front lighting is fairly recent. The advan
tages of LEDs include low power consump
tion, leading to reduced fuel consumption 
and CO2 emissions, and a very long pro
duct life time – much longer than the expect ed 
life cycle of a typical passenger car. Another 
factor driving the growth in LED applica
tions is the upcoming mandatory require
ment for a separate daytime running lamp 
(DRL) which is ideally suited for the energy 
efficient, white LED light sources, ❶.

If all main functions in exterior automo
tive lighting applications are equipped 
with LED light sources, it is expected that 
CO2 emissions can be reduced by 2 to 3 g/
km. LEDs also provide a high degree of 
styling flexibility, offering new options for 
the ap  pearance and shape of front and 
rear lamps.

Today, there are only around eight vehi
cle models on the global market equipped 
with LED front lighting functions. This 
modest penetration is mainly due to cost 
but volumes are likely to increase in the 
next few years as light source manufactur
ers introduce increasingly effective LEDs.

Importantly too, the increased efficien
 cy combined with lower power consump
tion helps to reduce the overall tempera
ture load in the vehicle. The need for active 
cooling, which currently is handled by fans 
to remove the heat from the LED chips, 
will therefore be eliminated offering the 
additional benefits of reduced weight, 
packaging space and cost.

lighting technology in the 
concept Vehicle c-beyonD

Regarding the mentioned aspects cost 
decreasing and emission reduction, Visteon 
developed its CBeyond concept vehicle [1] 
with a special lighting system. It is the first 
seriesproduction ready full LED applica
tion for automatically changing between 
high and low beam as well as static bend
ing light. The vision for LED headlamps 

coVer Story  LIGHTING TECHNoLoGy
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scenario in the vehicle model year 2015 
confirms as follows:
 : LEDs light guides will be more effective.
 : Required power consumption will drop.
 : Life time will be reliably long.
 : Styling flexibility will increase (fewer 

modules necessary to get same light 
output).

 : Heat load will be reduced (no active 
cooling necessary).

 : Overall costs for headlamps will 
decrease.

 : LED headlamps will be seen in premium 
segment and electrical/hybrid vehicles.

The CBeyond front light is equipped with 
the Visteon’s development LED projector 
module that provides all main beam pat
terns. The cameradriven, adaptive high
beam system automatically switches 

between high and low beams according to 
the flow of passing and oncoming traffic. 
In addition, the system offers a ‘glarefree’ 
mode that enables the lamps to continu
ously operate in highbeam mode with 
programmable shutters that reduce the 
light pattern for oncoming vehicles.

As the first production ready full LED ap 
plication, the CBeyond features a Visteon 
proprietary high intensity LED headlamp 
which provides all main beam patterns as 
prescribed by the most recent European 
regulation (ECER123; also known as 
AFS2 functionality). The design of the 
headlamps draws attention to the main 
themes of the concept vehicle – sustaina
bility, connectivity and enhanced driving 
experience – through their advanced func
tions. All lighting functions in the head

lamp are powered solely by lightemitting 
diodes light sources.

In addition to the main unit, the head
lamp also utilizes LEDs for the front posi
tion light, static bending, DRL and the 
turn indicators, ❷. The DRL encircle all 
functions of the front lights with low pow
ered LEDs which are used as a supple
mentary styling element to support the 
outline/real estate of the front lights and 
create the unique identity of the vehicle.

Sequential turn indicators running fore 
to aft are placed in between the DRL. The 
3D physicality of the individual arrow
shaped segments is distinctive and allows 
for easy recognition by other traffic part
ners. A smooth transition towards the 
static bending cavity is incorporated into 
the ending of these turn indicators.

Styling anD attraction Weight pacKaging poWer conSumption co2 emiSSionS

leD heaDlamp loW beam + + + + +

leD heaDlamp high beam + + + + +

leD Daytime running light + + + +

leD rear lamp + + +

❶ Trends in automotive lighting – more efficiency with LED light sources
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Position lamps are divided into three 
sections and make use of vacant space on 
the dark grey frosted bezel, again enhanc
ing the distinctive styling of the lights. 
The position lamps draw attention to the 
main component of the front lamps – the 
adaptive high beam unit with its unique 
mechatronics.

The headlamps’ performance is on par 
with today’s high intensity discharge 
(HID, called Xenon in Germany) technol
ogy with low beam demonstrating an 
improvement over current HID projector 
unit performance with lumen output of 
the low beam of more the 1000 lm, ❸. In 
addition to this headlamp’s optical per
formance, the compact dimensions and 
low weight makes the module an ideal 
building block for future full LED head
lamp applications.

thermal management

The thermal design of the headlamp elimi
nates the need for active cooling and the 
concept employs a unique passive cooling 
concept for all functions. This approach 
increases the reliability of the system by 
reducing the risk of mechanical movement 
inside of the headlamp assembly which 
might otherwise cause failure or spread 
dust inside the lamp.

To enable the elimination of the active 
cooling system very efficient driving elec
tronics are needed. Each watt of electrical 
power saved has a positive impact on the 
weight of the lamp but also helps to ensure 
that the thermal design is supporting the 
electronics components inside of the lamp. 
The overall efficiency of the LED driving 
module exceeds 87 % meaning that just 

13 % is transformed (lost) by heat dissipa
tion. The highly efficient driving electron
ics for the CBeyond head lamps are using 
a microprocessor based buck boost approach 
and allow to exceed the lighting perfor
mance of standard HID lamps.

camera-DriVen aDaptiVe  
high beam SyStem

Incorporating a cameradriven adaptive 
high beam system, the car is capable of 
automatically adapting its lighting to stay 
on full beam without dazzling oncoming 
traffic. The system automatically switches 
between high and low beam according to 
the flow of the proceeding and oncoming 
traffic and also offers a glarefree mode. 
This feature enables the lamps to continu
ously operate in highbeam mode with 
programmable shutters employed to reduce 
the light pattern for oncoming vehicles.

The system works by using an integrated 
camera to detect vehicles and adapt the 
beam pattern in such a way that other 
road users are not glared. This feature 
gives the driver the added advantage of 
having more light on both sides of on 
coming or proceeding traffic while the 
performance is close to high beam, ❹.

The position of the dark spot (the area 
that is calculated to avoid dazzling on  com
ing traffic) is determined by the camera. 
This automation offers real safety as well 
as a comfort benefits for the driver. There 
is no need to operate the high beam / low 
beam lever to change the beam pattern when 
proceeding or oncoming traffic ap  pears. 
The system is also capable of detect ing 
public illumination systems and automati
cally switches high beam back to low beam 

❷ Full-LED headlamps provide packaging flexibility for brand differentiation and reduced depth, 
while reducing power consumption

❸ The full-LED headlamps’ performance is on par with today’s high intensity discharge technology with low beam demonstrating an improvement over current high 
 intensity discharge projector unit performance with light output of the low beam of more the 1000 lm
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or town mode, depending on the speed of 
the vehicle. As a result, the high beam mode 
is typically used three times more than on 
conventional systems. That improves the 
driver’s visibility when driving at night.

preDictiVe aDaptiVe front 
lighting

To improve the driver’s visibility and 
awareness when driving at night, head
lamp direction is synchronized with the 
navigation system. The stateoftheart 
predictive advanced front lighting concept 
uses global positioning data to predict the 
road ahead and adapts the beam pattern 
of the headlamps to the road scenario 
before steering input occurs.

Unlike conventional adaptive front light
ing systems, which calculate the beam 
pattern of the headlamps based on the 
steeringwheel angle and vehicle speed, 
the predictive advanced front lighting con
cept is connected to the navigation system 
by utilizing an advanced driver assistance 
system (ADAS) with artificial horizon pro
vider. Processing vehicle and navigation 
information, this interface determines the 
road shape and the most likely path of the 
road ahead. This information is used by a 
new algorithm to calculate the most likely 
driving path of the vehicle and enables the 
predictive advanced front lighting system 
to adapt the beam pattern of the headlamps 
accordingly, ❺.

Sequential leD turn inDicator

Additional advanced features include a 
unique sequential LED turn indicator, which 
provides distinctive features for front and 
rear turn indicator functionality. Using mid 
power LEDs and incorporating a unique 
sequential switching pattern, arrow shaped 
LED segments create the sequential turn 
indicator for easy signal recognition and a 
distinctive design feature.

The sequential turn signal points outboard 
of the vehicle. The LEDs are illuminated 
with a small time delay to the previous 
one to achieve a clearly visible sequential 
turning signal, ❻.

SoliD leD light guiDeS

The LED light guide, when used as DLR’s 
accentuated the outline of the headlamp 
and provide an easily recognized brand 

signature for the vehicle. Numerous low 
power LEDs are distributed along the out
line shape of the headlamp and achieve a 
homogenous appearance by a frosted sur
face on top of the optical filter.

Solid light guides for CBeyond offer 
additional styling options with reduced 
power consumption through the efficient 
optical design and use of LEDs. The de 
sign of the front position light is achieved 
by using numerous low power LEDs to 
gether with a volume filter. The high 
number of low power LEDs allows the 
automotive designer to fill in unused space 
inside the headlamp with lighting features 
and guarantee efficient power consump

tion to keep the overall cost of the system 
in a reasonable range. The white LEDs 
can also be used as an attractive styling 
differentiator – with the additional benefit 
of improving visibility.

The CBeyond headlamps also incorpo
rate a unique LED static bending function
ality using a two or four chip LED array. 
Static bending functionality helps the 
driver to illuminate the bend on curvy 
roads and improves the visibility other 
road users such as cyclists and pedestri
ans at night. Visteon’s headlamp demon
strates a very good colour match between 
the LED low beam and the LED static 
bending light enlarging the side dispersion 

❹ The camera-driven adaptive high beam lighting system automatically switches between high and low beam 
to match the actual traffic situation. The system also offers a glare-free mode that reduces the light pattern for 
oncoming vehicles.

❺ The adaptive full-LED headlamps are a projector-based solution that satisfies legislation according to 
regulation ECE-R-123
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of the main beam. The compact and modu
lar approach highlights Visteon’s compe
tence at developing and delivering mod
ules which can be widely used across 
many different vehicle OEM platforms.

rear light in leD technology

The CBeyond rear lamps are also equipped 
with full LED light sources in combination 
with thick light guides and blocks for styl
ing purposes; no halogen or incandescent 
bulbs are used. The LED rear lights incor
porate light guides to build a frame for the 
lamp and to enhance the instantly recog

nizable character of the design. In addition 
to the rear sequential turn indicators, 
numerous 3D physical objects are used for 
tail light, fog light and stop light functions.

The full LED rear light includes tail, 
stop, turn and rear fog functionality and 
incorporates a lit to the edge tail light. 
This is a unique flat planar light guide 
with a small amount of low power LEDs 
which are capable of illuminating closely 
to the edge of the lamp. This is very close 
to the welding edge – a technology that 
has not been possible before.

The rear lamp also features a sensor 
which can be programmed to function as 

ambient lighting and a dirt sensor. The 
ambient lighting function uses the sensor 
to change the intensity of the tail lamp to 
suit day or night conditions by decreasing 
illumination during the night and increas
ing during day light to avoid glaring of other 
backer drivers (standing at traffic lights). 
The dirt sensor function detects if the lens 
is covered by dirt or grime and automati
cally increases the illumination intensity 
within the values defined by regulation.

The stop lamp is achieved by using the 
same thick light blades as in the rear fog 
lamp. The light blades are manufactured 
by using a unique over molding plastics 
injection method which ensures an excel
lent surface quality and avoids shrinkage 
of the plastic material which may impair 
the light distribution.

marKet acceptance

Visteon represents with the CBeyond 
concept vehicle its vision of modern 
lighting technology and sustainable 
mobility. The vehicle and its technology 
has received very positive reviews from 
vehicle manufacturers at demonstrations 
throughout Europe, Japan and China. 
The CBeyond represents a vision of how 
seamless connectivity and sustainable 
mobility may influence the way consum
ers use and in  teract with the next genera
tion of vehicles.

Using results from intensive market 
studies and research methodologies, the 
visionary car incorporates insights gath
ered from consumers and vehicle manu
facturers around the world. The concept 
is a working demonstration of Visteon’s 
core strengths – regarding invehicle tech
nology integration in its core product lines 
of climate, electronics, interiors and light
ing. In addition, enhanced personalization 
and individual comfort features for all 
occupants promote new ways of enjoying 
and connecting to the vehicle.

reference
[1] Pudenz, K.: Neue Mobilitätsszenarien im 
C-Beyond-Konzeptfahrzeug von Visteon.  
In: www.ATZonline.de from 24th June 2010

❻ unique lighting feature for front and rear: sequential LED turn indicator with full (a) and partly (b) illumination
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Electronics are the motor for innovation in automotive engineering. ATZ elektronik 
delivers the newest findings on electric mobility, high performance electronics, energy 
management, testing, human-machine interaction, consumer automotive electronics, 
and anything else that would electrify automobile developers. Geared for professionals 
who seek unique in-depth information. 

More information at: www.ATZonline.de/leseprobe/atze
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IncreasIng crash safety 
through BIomechanIcal optImIsed 
seat comfort

For years, crash safety of passenger car seats are in advanced development and optimisation with simulation 

tools. Vice versa, the comfort is investigated as far as possible by empirical measurement techniques. Using the 

Boss method, developed by Tecosim Technische Simulation GmbH and University of Applied Sciences Frank-

furt/Main, for human model-based optimization, safety and comfort can be increased in parallel.

Industry InTerIor
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AUTHorS CoMProMIse of safety  
and CoMfort

In the development of modern vehicle 
seats, especially for automobiles, both the 
comfort and safety are equally important 
key aspects: The aim is high comfort level 
and maximum safety. Both aspects are not 
to be strictly separated from each other; 
most likely comfort can have a strong 
impact on safety aspects.

To determine and optimize seat charac
teristics in crash situations, simulation 
methods are already being used and mod
els are verified by crash tests with dum
mies. In contrast, the optimization of the 
comfort of vehicle seats is largely empirical 
and is therefore dependent on the subjec
tive impression. Further comfort enhance
ments are made in isolation and often sub 
ordinated in crash safety aspects, which 
are strictly regulated by law.

In a research project by Tecosim Tech
nische Simulation GmbH and the Institute 
for Materials Science of the University of 
Applied Sciences Frankfurt/Main a method 
is developed for optimizing the crash safety 
of car seats, which includes, in particular, 
the comfort evaluation in the process.

Current state of  
seat develoPMent

In the development of modern vehicle 
seats, a large number of required product 
characteristics have to be considered. 
Besides the integration of further functions 
they should comply with requirements for 
crash safety at a minimum weight.

The development is to a large extent 
using numerical simulations for front, 
rear and side crashes, and luggage reten
tion. Comfort aspects cannot be detected 
in these simulations and therefore must 
be examined in a separate step.

huMan Model-based ProCess

The currently developed process is, on 
one hand, intended to evaluate and opti
mize the crash performance of vehicle 
seats in dynamic simulations. On the 
other hand, comfort properties will be 
evaluated with the socalled Boss method 
(Body Optimization and Simulation Sys
tem). For both parts of the process it is 
necessary to create each considered seat 
as a FE simulation model. This normally 

is done based on CADdata or, in case 
of further development of an existing 
seat, through changes on existing seat 
models. Conceivable, of course, is pure 
comfort evaluation of an existing seat. In 
this case, CAD data can also be deter
mined in a reverse engineering process [1]. 
In any case it is important to know all 
material properties, especially of the stiff
ness of the seat foams. Possibly material 
tests are necessary which take into 
account the higher strain rates occurring 
in crash tests.

In assessing the dynamic properties of 
the seat usually the front crash and rear 
crash as well as luggage retention are con
sidered. In these test no fractures or sharp 
edges should occur and plastic strains should 
be limited to approximately 10 – 15 %. 
The usual approach is to initially consider 
only the system occupant, seat and belt. 
Due to the lack of interaction between 
occupant and vehicle interior, no injury 
values are calculated which would be 
used for the vehicle assessment, for exam
ple as per FMVSS and NCAP.

But in belted load cases a small pelvis 
forward motion is desired early to effec
tively couple the occupant to the vehicle 
during deceleration. Integrated seat ramps 
can help to reduce the pelvis forward 
motion, but may have a negative effect on 
comfort. In side crash a lateral guidance is 
advantageous to keep the occupant away 
from intruding side structures, especially 
in the rib area. The shape and stiffness of 
the seat foam and the underlying structure 
will be optimized to reduce injury values 
like pelvis forces and rib intrusions. How
ever, such a crashoptimized seat often is 
not found comfortable so that there are 
further needs for optimization in terms of 
comfort.

After dynamic simulations, the model 
iterations of the seat, also created using 
com  mon optimization tools, are directly 
examined in terms of comfort. For this a 
software environment is created where 
the seat model can be assessed relatively 
quickly with the Boss method. This includes 
in particular the derivation of a “comfort 
level” from the calculated tissue tension.

objeCtIve evaluatIon of 
 subjeCtIve CoMfort feelIng

To design lying, sitting or shoe systems 
still pressure sensor matts are used 
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today. However, these sensor matts 
 provide only planar contact pressure 
between skin surface and technical body 
support (tSK) – therefore they capture 
only extremely limited the very complex 
threedimensional interaction between 
human and body support. In this way it 
is not possible to sense shear forces as 
well as stresses in deeper tissue layers to 
the bone. Until now an adequate method 
was missing, which is able to quantify 
and qualify the mechanical interactions 
in an objective way.

The newly developed Boss method 
combines engineering methods with mod
ern medical technology and focuses not 
only on the technical description of the 
body supports, such as vehicle seats, but 
also lying systems, sports shoes and 
health shoes. Rather, the Boss method is 
characterized by the combination of all 
data describing the process: This includes 
experimental methods for determining the 
mechanical properties of the body support 
materials and the biomechanical invivo 

properties (invivo = in the living) of the 
human (soft) tissue (fatmuscleassocia
tions) as well as the exvivo properties 
(exvivo = outside of the living) of ten
dons, ligaments or blood vessels. The 
method also includes the digitizing of 
shape and geometry of the body support. 
This follows to the representation of 
human anatomy and generation of ade
quate human models (Boss models) by 
means of imaging techniques such as 
magnetic resonance imaging (MRI) and 
3D reconstruction tools for subsequent 

overpass the twodimensional MR images 
into threedimensional structures.

In this procedure the invivo mechani
cal characterization of human (soft) tissue 
has a central position. It represents the 
major challenge because it has to be 
strictly noninvasive in contrast to techni
cal materials. This noninvasive method is 
carried out with tensile tests on the 
respective region of interest on the body 
of a living person using MRI environment. 
The result of this test is a forcedisplace
ment characteristic. At the same time the 

❶ Schematic representation of the Boss procedure 
using the example of the interaction between a Boss 
model and a seat system

❷ Interaction of a 
finite element Boss 
model with a vehicle 
seat; a: Interface  
stresses on the seat 
surface; b and c:  
Stress distribution in 
the tissue and seat  
material in the sagittal 
section at the level of 
the ischial tuberosity
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necessary geometry information of the 
deformed tissue is recorded by means of 
the MRI device. All digitized data lead to 
a numerical tool in the form of a finite 
element model of the interacting system 
Boss model / body support, ❶, on whose 
basis the analysis of complex interactions 
in the form of stress and deformation is 
possible.

Using the FE method, the stress dis
tribution in the region of tailbone and 
ischium due to interaction between Boss 
model and vehicle seat is calculated, ❷. It 
can be shown that depending on the ana
tomic position, completely different ten
sions in the body tissues may occur, ❸.

To verify the material parameters of tis
sue and body support it is necessary to 
generate loading situations in experiment 
and simultaneously simulate them with 
FEM. Such a verification test is shown 

in ❹. In this case the buttocks tissue was 
deformed with a cushion and the defor
mation in turn recorded by MRI (④ a, cut 
image). The comparison of the sectional 
view with the simulation result is shown 
in ④ b. For this section there is a good 
correlation between deformed fat and 
muscle tissue and the cushion.

Using FE simulation the regions with 
increased stresses in the tissue are deter
mined and in iterative optimization steps 
geometry and material of the seat struc
ture is changed, until a reduction of maxi
mum stresses and strains in the tissue is 
found (biomechanical hypothesis) [2 – 7].

verIfICatIon by Means of 
Proband study

To verify the optimized seat geometry a 
study with volunteers will be done to 

assess the subjective perception of com
fort. Here a comparison is made between 
physical reality and numerical simulation 
and a correlation between the objectively 
quantified results and the subjective sen
sation is created.

The verification process is iterative and 
recursive and should serve as a basis for 
reoptimization. An important criterion is 
to use the same physical key data, such as 
size and weight of the volunteers and the 
numerical dummy models.

outlook

The creation of the necessary software 
environment and the implementation of 
the Boss method in the process of human 
modelbased optimization are in progress. 
A completion is scheduled for early 2012. 
It is expected that with this new process 
crash performance and comfort can be 
objectively evaluated in combination at 
an early stage of the development.

referenCes
[1] Müller-Bechtel, M.: TecBench – Virtual Bench-
marking: Comparing Products with CAe Methods. 
IABC International Automotive Body Congress, 
Vaals, The netherlands, 2008
[2] Schrodt, M.; Benderoth, G.; Silber, G.: Hyper-
elastic Description of Polymer Soft Foams at Finite 
Deformations. In: Technische Mechanik, Bd. 25, 
Heft 3/4, 2005
[3] Silber, G.; Schrodt, M.; Benderoth, G.; 
 Abolmaali, n.; Vogl, T. J.: An In-vivo Method to 
Determine the Mechanical Behaviour of Human 
Soft Tissue. In: Proceedings Cadfem Users 
 Meeting, Zurich, Switzerland, 2005
[4] Silber, G.; Schrodt, M.; Then, C.; Benderoth, G.; 
Balzer, J. o.; Vogl, T. J.: Mechanical Interaction 
Between Human Soft Tissue and elastic  Supports: 
In: 5th World Congress of Biomechanics, 2006, 
Journal of Biomechanics, Vol. 39, Suppl. 1, 2006
[5] Silber, G.: ein neuartiges Verfahren zur 
 Gestaltung, Bewertung und Prüfung von Anti-
Dekubitus-Systemen. In: orthopädie-Technik,  
nr. 8, 2007
[6] Then, C.; Menger, J.; Benderoth, G.; Alizadeh, 
M.; Vogl, T. J.; Hübner, F.; Silber, G.: A Method for 
a Mechanical Characterisation of Human Gluteal 
Tissue. In: Tech Health Care, 15:385-398, 2007
[7] Then, C.; Menger, J.; Benderoth, G.; Alizadeh, 
M.; Vogl, T. J.; Hübner, F.; Silber, G.: Analysis of 
Mechanical Interaction Between Human Gluteal 
Soft Tissue and Body Supports. In: Tech Health 
Care, 15:1-16, 2007

❸ Interaction of a finite 
 element Boss model (only 
lower body shown) with a 
seat; a: Design optimized 
seat cushion form with re-
duced stress on the skin 
surface and in the muscle-
fat interface; b: Commercial 
seat cushion form with high 
tissue tensions

❹ Verification experiment to assess the quality of the model; a: MrI scan of the loaded buttocks; 
b: Visual match with the corresponding simulation model
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AdvAntAges of virtuAl PrototyPing 
As A Holistic cAe APProAcH
The efficient integration of the different CAE processes is a key factor for the automotive industry to reach the 

development goals in the given time and cost limits. The ESI Group together with Volkswagen Group bets on the 

right horse to use a single core model for different domains. Thus, crash simulation over NVH considerations to 

lightweight design investigations can use the same data with implicit code.

Figure © Volkswagen

industry DIGITAl ProDuCT DEVEloPmENT
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integration oF the diFFerent Cae ProCesses

Automotive developers are permanently confronted with new 
challenges. One of many examples is the development of ‘green 
vehicles’, which is highly topical. For achieving the defined goals 
a significant weight reduction is inevitable. An objective that only 
can be achieved with the usage of new design and production 
methods in combination with advanced or new materials as it 
was shown in the European research program “Super Light Car” 
coordinated by Volkswagen, ❶.

The development of innovative products within short develop
ment cycles and at low costs is mostly incompatible with costly 
and time intensive tests with physical prototypes. For a leaner 
and more effective vehicle development right before going to mass 
production automotive developers more and more use Computer 
Aided Engineering (CAE) methods to get a holistic approach and 
for reducing physical tests to a minimum and avoiding iteration 
loops (“Get it right the first time”).

The success of such measures highly depends from the efficien 
 cy of the implemented CAE processes. In recent times the focus 
clearly is on the integration of the different CAE processes. ESI 
Group has strongly concentrated on the multidomain and pro
ductionoriented simulation and is pursuing three main topics:
1.  Optimized simulation by using a single core model
2.  Integration of manufacturing simulation for more realistic vir

tual prototypes
3.  Practiceoriented content management and process automation.

First Crash investigations at volkswagen

Already since the middle of the 1980s there was a close relation 
between ESI Group and Volkswagen. Even at the development of 
new CAE methods ESI Group intensively cooperates with a number 
of enterprises of the Volkswagen Group and took several sugges
tions/experiences for its software tool development.

In the beginning it was a crash simulation (VW Polo) on a quite 
simple vehicle structure, but meanwhile the different brands are 
emphatically following a simulation driven car development on 
the base of Virtual Prototyping and an integrated manufacturing 
simulation. By using ESI’s Virtual Performance Solution with its 
integration of different simulation solutions referencing on only 
one coremodel for crash and the analysis of different load cases 
they could strongly increase their efficiency in different project 
stages and gain a decisive competitive edge.

integration oF Models FroM diFFerent doMains

Automotive structures have to meet performance targets in differ
ent domains. In conventional development processes this causes 
the application of different software solutions for crash, safety, 
noise, vibration and harshness (NVH), chassis, lightweight design 
etc. They not only have a specific input and output format but 
they even need different pre and postprocessors, modeling meth
ods and a lot of application specific knowhow. For the interactions 
between the single domains additional processes and resources are 
necessary. Therefore companies are forced to define rigid work
flows with corresponding modeling methods, interfaces and solver
specific programs. These measures cause losses in respect of the 
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availability of engineering resources as well 
as for the available development time.

The current trend is to adopt “endto
end” software solutions that enable sharing 
a common core compute model across mul
tiple domains, at the level of components, 
products, or enterprise. They allow an effi
cient and easy management of computer 
models for different load cases, ❷. Beyond 
merely sharing node and element data, such 
solutions allow sharing across domains com
prehensive content such as material models, 
connections, or contact interfaces.

The needed technology has been devel
oped by ESI Group for such an approach 
and was created to a virtual solution that 
has been specified and validated with strong 
involvement of industrial partners, in par
ticular Volkswagen Group companies. With 
such an integrated solution it is possible 
to develop a single data set for a problem, 
for example a seat belt anchorage simula

tion, on which the simulation models of 
the different domains can reference.

In a conventional process the original 
model, created for crashtests, has to be 
used even for quasistatic stiffness analyses 
with crash codes due to different reasons. 
Using the new approach allows engineers to 
stay within the same core built for crash 
tests and switch an implicit code to perform 
the quasistatic simulation. Such an approach 
has significant advantages since implicit codes 
need much less compute time and enable a 
much easier set up, ❸. The car manufac
turer Seat spent a lot of effort to intensively 
investigate integrated processes with the 
intention to merge a larger set of static/
modal analyses with their crash models.

iMPaCt on it Costs

The diversity of applications in a conven
tional CAE environment has a direct 

impact on the information technology (IT) 
costs, as each solution needs service, vali
dation of updates, specific solutions for 
the model data management, and last but 
not least training expenditures. In addi
tion, an increasing number of applications 
even lets the hardware costs grow because 
they may have quite different system 
requirements.

Whereas for example explicit models 
require a high amount of compute power, 
implicit codes mainly need a high mem
ory volume. With a modern Distributed 
Memory Parallel (DMP) Computing an 
analysis can be strongly parallelized on 
many computers. As a result the simula
tion of a large implicit model can be per
formed with the same memory size that is 
needed for a crash simulation. Such a uti
lization of the same hardware configura
tion for crash and linear analyses can sub
stancially reduce the hardware costs.

By using an identical hardware con
figuration for crash and linear analyses 
the hardware cast can be reduced signifi
cantly. Furthermore these new technol
ogies offer the capability to automate 
processes or to perform multidomain 
optimizations. The benefits from cost 
reduction will allow companies to raise 
or shift resources in order to amplify 
additional innovations.

integration oF  
ManuFaCturing Models

The quality of the information available to 
build models, like actual geometry, mate
rial properties or loading conditions, has a 
major impact on the quality of the simula
tion results. In this context the term 
“actual” covers two different aspects:

❶ Weight savings at the Super light Car by using modern materials [1]

❷ migration from single 
 applications to an integrated CAE 
solution with a common database
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 : The properties should correspond to 
the most current design stage.

 : Geometry and material data should 
reflect realistic, “as built” conditions, 
and not ideal or nominal properties.

Manufacturing and assembly processes 
have a major influence on the ideal com
ponent geometry, for example assembly 
distortion or thinning from stamping, ❹, 
or the material properties (for example 
strain hardening from stamping, reorien
tation of fibres during the composite 
forming processes) and should therefore 
taken into account during Virtual Proto
typing, ❺. From a technological point of 
view the implementation of such simula
tion scenarios is reasonably well devel
oped, but in real the integration of manu
facturing aspects is confronted with two 
challenges:
 : Manufacturing information is relatively 

late available in the project cycle, while 
product design analyses are ideally 
carried out in early design stages.

 : Manufacturing and performance simu
lation solutions are generally in differ
ent software environments, and are 
not designed to communicate.

ESI Group has a great experience in man
ufacturing simulation and has especially 
developed methods for the evaluation of 
particular stamping and weldassembly 
effects by the approximation of the actual 
geometry, material properties, and initial 
deformations on virtual prototypes in an 
early process phase.

For example, the welding and assem
bly process is simulated using technol
ogy developed in collaboration with the 
company Inpro which accounts for 
residual stress and distortion. This 
methodology is particularly adapted to 
preliminary design phase assessment. 
For metal stamping, inverse solvers are 
the typical technology of choice. For 
assembly, approximate  distortions can 
be derived from thermomechanical 
analyses.

Managing and Controlling  
siMulation ProCesses

Automotive projects are largely collabora
tive and normally distributed to multiple 
locations, ❻. It is essential for model 
quality and relevance to track model 
changes and properly propagate them 
from their different sources across the 

❸ Comparison of the  component strength with and without the influence of manufacturing

❺ Deviations from  design data are nearly identical for explicit (left) and implicit (right) calculation (figure: © Seat)

❹ Combination of explicit and implicit calculation for the simulation of different process steps

01I2011 Volume 113 23

p
er

so
n

al
 b

u
ild

u
p

 f
o

r 
F

o
rc

e 
M

o
to

rs
 L

td
.



project organization. The potential time 
reduction in caused by three following 
consolidations:
1.  One single core model for the virtual 

prototype
2.  One solution increases access and usage 

flexibility (hardware, software, users)
3.  This will enable overall project speed

up with higher CPU performance.
All teams/engineers involved in the devel
opment process have to be capable of using 
uptodate data that is synchronized with 
the PDM/ERP information: they have a 
visibility and access to the latest approved 
CAD model and its design and engineer
ing changes. They are also notified when 
their work is impacted by design or engi
neering changes. Before being approved 
and leading to design updates, the changes 
made by engineering teams have to be 
validated for the different domains. Visi

bility and notification mechanisms become 
critical as projects become larger and 
more distributed.

All these communication and data man
agement tasks have to be addressed quickly 
and properly by the engineering platform 
which includes data and process manage
ment systems. The synchronization and 
approval processes for all different domains 
should be scalable. The integration of data 
management and simulation can in partic
ular be supported by the solvers that shall 
carry, use, and pass metadata regarding 
product or process information.

ConClusions and outlook

Virtual Prototyping has become crucial for 
development projects in automotive indus
try like at Volkswagen and Seat to reach 
increasing performance targets on time and 

within tight budgets. Auto makers have 
recognized that the integration of the avail
able technologies into increasingly compet
itive environments is necessary to realize 
the benefits of Virtual Product Develop
ment under industrial conditions. 

ESI Group has already started integrat
ing its different technologies, for multi
domain applications, process and content 
management as well as calculation mod
els. Smart project management will be the 
next integration step: engineers will receive 
justintime data, tools, and instructions 
to accomplish their tasks as effectively as 
possible, while focusing on value creation 
through domain expertise rather than tools.
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Tyres, wheels, suspension –  
how comfortable are our cars?
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In spite of all the assistance offered by electronic control systems, the latest generation of 
passenger car chassis still relies on conventional chassis elements. With a view towards  
driving dynamics, this book examines these conventional elements and their interaction with 
mechatronic systems. First, it describes the fundamentals and design of the chassis and goes 
on to examine driving dynamics with a particularly practical focus. This is followed by a  
detailed description and explanation of the modern components. A separate section is  
devoted to the axles and processes for axle development. 
With its revised illustrations and several updates in the text and list of references, this new 
edition already includes a number of improvements over the first edition.
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Coordinated automated driving for 
the testing of assistanCe systems
Driver assistance systems need to master complex traffic situations and must be able to distinguish 

between potential accidents and non-critical circumstances. This poses an engineering challenge for 

the test technology, which has to ensure that these systems are reliable. Daimler’s research depart-

ment has developed a testing methodology that allows the precise, reproducible and safe testing of 

Mercedes assistance systems.
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testIng of assIstance systems 

Despite the constantly increasing use of virtual development 
methods for testing and validating driver assistance systems, 
there remains an important need for real-life trials of the system 
as a whole in a real-life environment. Quantitative validation of 
the systems requires a broad parameter range. Covering this 
range both completely and effectively presents a challenge when 
testing these systems. 

Unlike the testing of dynamic drive control systems, which 
react to status variables inside a vehicle, testing assistance sys-
tems also requires status variables outside the vehicle to be taken 
into account. For example, the vehicle’s position relative to a traf-
fic lane is an important factor in lane departure warning systems, 
and the relative speeds and distances between several vehicles 
are decisive elements in adaptive cruise control systems. When-
ever these systems do not merely provide warnings but intervene 
actively by supporting driver reactions or even independently in 
the vehicle’s behaviour, these control systems need to be vali-
dated in a variety of traffic and environmental situations in order 
to obviate subsequent risks to vehicle occupants and to allow the 
systems to be certified for use [1].

The systematic testing of these systems means, from a techni-
cal point of view, that a test vehicle must be precisely controlled 
to follow a predetermined path, maintaining a specified speed 
along each section of the route. If several vehicles are involved, 
their movements must also be synchronized. Human drivers are 
still capable of meeting these conditions with sufficient accuracy 
in a single vehicle. However, this method rapidly reaches its lim-
its when trying to simultaneously coordinate several vehicles in 
time and space. Although the statistical variation in the driving 
manoeuvres produced by test drivers may be thoroughly desira-
ble for part of the test, greater precision and exact reproducibility 
of the tests is however essential for a systematic and effective 
study of compliance with specifications, for an objective compar-
ison of different system variants and particularly when carrying 
out safety-critical manoeuvres. 

Methods have been developed for improving the accuracy and 
repeatability of tests for particular individual assistance systems 
[2 – 5]. However, analysis of their applicability to the types of 
accidents to be addressed by future assistance systems showed 
that solutions were still needed for some problem areas. The task 
was therefore to design a test system that could coordinate and 
carry out even potentially dangerous manoeuvres by several 
vehicles safely and precisely.

robots for controllIng vehIcles

Mercedes-Benz and Anthony Best Dynamics Ltd. have jointly devel-
oped a system that provides a flexible solution for this task, 1. It is 
described below [6].

Actuators capable of operating the accelerator, brake pedal and 
steering just like human drivers are installed in the test vehicles, 
replacing the human drivers, 2. Robots like these (accelerator 
and brake robots) have been in use for some time for operating 
vehicles on roller test benches in test cycles or for controlling 
reproducibly complex steering manoeuvres (steering robots) in 
studies of drive dynamics.
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To control a vehicle’s movement pre-
cisely, with the stipulation that it must, at 
a certain point at a certain time, be travel-
ling in a specific direction at a specified 
speed, it is absolutely essential to be able 
to measure these variables exactly. This is 
achieved by using an inertial navigation 
system (INS), which is supported by a dif-
ferential GPS and which transmits the 
required data to the robotic controls at a 
repetition rate of 100 Hz. The system’s 
time drift is constantly corrected by cor-
rection data transmitted by radio to the 
INS by a local GPS base station at 1 s time 
intervals, allowing the vehicle’s position 
to be measured to a typical accuracy of 
±2 cm. Even if the GPS signal fails, the 
inertial sensors continue to indicate the 
vehicle’s position for approximately 30 s 
with an accuracy better than 10 cm, 
which is good enough to allow a vehicle 
to be driven under a bridge, for example.

In addition to indicating position, the 
differential GPS also provides a highly 
accurate time reference signal. This signal 
is uniformly available to every vehicle and 
is used for synchronisation tasks.

The driving manoeuvres are controlled 
and monitored by the control system 
installed in the vehicle. This control com-
puter receives a detailed schedule of the 
location and speed of the test drive and 
the precise start time via a WLAN link 
from a control stand. The complete test 
schedule (including action in the event 
that the test is aborted) is known in 
every vehicle before the manoeuvre 

starts. This ensures that the WLAN link, 
which may be only intermittently availa-
ble, does not form part of the control 
loop and thus cannot have an adverse 
effect on safety. 

Each vehicle is fitted with an independ-
ent safety controller and a spring-loaded 
emergency braking system. A system fail-
ure or any impermissibly excessive con-
trol deviation will bring the vehicles to  
a halt without the need for any external 
control intervention. The test can, of 

course, be aborted at any time via the 
WLAN link from the control stand. 

The system in the control stand is capa-
ble of planning, operating and monitoring 
manoeuvres with up to five vehicles 
simultaneously, to be operated on an 
exclusive test area. This should enable the 
system to perform, with regard to com-
plexity, any future foreseeable driving test 
scenario. 

PlannIng of manoeuvres

There are several options when it comes 
to the planning of test manoeuvres.

Although fitted with robots for operat-
ing the pedals and steering, the vehicles 
can still be driven by human drivers. This 
allows a learning mode in which the con-
trol system records a vehicle trajectory 
and stores it in the manoeuvre catalogue 
for subsequent automatic re-use. Some 
parameters, such as the scaling of speeds, 
the lateral displacement of the manoeuvre 
or the starting time, can be selectively 
varied. 

For coordinated manoeuvres by several 
vehicles, trajectories can be compiled 
more efficiently using the graphical editor. 
A complete manoeuvre, made up of pre-
fabricated parameterisable segments 
(straight stretches, arcs, lane changes, 
sinus curves, etc.), is planned and simul-

1 Automated vehicle in front of the control stand on the urban scenario test site in sindelfingen

2 Robots control the accelerator, brakes and steering in the test vehicle
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taneously illustrated on the test area road 
layout. The course of the manoeuvre is 
simulated in order to verify that the 
dynamic driving limits can be adhered to. 
The ability to coordinate several vehicles 
is also simulated to check that there will 
be no collisions and that minimum safety 
margins between vehicles will be 
maintained. 

lateral and tImIng accuracy

In order to validate the control system, a 
measurement procedure independent of 
the differential GPS was used to examine 
the desired accuracy and reproducibility 
of the driving tests. This was able to ver-
ify that the standard measurement accu-
racy of ±2 cm achieved by the differential 
GPS, given adequate satellite visibility, 
also translates to the accuracy for driving 
past fixed obstacles with little clearance. 
High deceleration force tests (for example 
0.75 g) involving bringing the vehicle to a 
halt in front of a specific obstacle 
achieved a ±3 cm reproducibility of the 
stopping point. However, such accuracy 

presumes that the controller has been 
adjusted to match the relevant vehicle 
type and that the vehicles can be driven a 
sufficient distance for settling of control 
errors. Very dynamic manoeuvres produce 
brief deviations of as much as one deci-
metre from the planned trajectory. How-
ever, if the same manoeuvre is executed 
several times, these deviations are repro-
ducible and thus can be taken into 
account. 

The long-term stability of positional 
accuracy was also verified by regularly 
driving past reference points on the test 
area. The driving pattern, which was 
repeatedly followed in fresh snow for sev-
eral hours, impressively illustrates the 
reproducibility of the vehicle control sys-
tem, 3. Overall, the lateral track-follow-
ing accuracy required for many manoeu-
vres of better than ±10 cm was easily 
achieved. In particular, reproducibility 
was significantly better compared to test 
drivers. 

The longitudinal accuracy requirements 
depend on the vehicle’s speed and are dif-
ferent for each of the functions being 

tested. The specification for this test sys-
tem was determined as the ability to pass 
waypoints at specified times with an 
accuracy of 40 cm (at a speed of 20 m/s). 
This equates to reaching a waypoint 
within a reproducible time slot of ±20 ms. 
Longitudinal accuracy can be affected by 
an automatic transmission’s shift points, 
for example. Factors such as this need to 
be taken into account when planning 
manoeuvres requiring high precision. 

testIng WIthout drIvers

There are applications for “automated 
driving” even for tests involving single 
vehicles. 

For example, certain assistance systems 
are activated when a specific lateral accel-
eration is reached. By carrying out an auto-
mated driving manoeuvre at a specified 
speed and with a specified path radius, the 
lateral acceleration can be adjusted 
extremely reproducibly and, if required, at 
a continuous rate of increase. Executing 
manoeuvres in this way is considerably 
more efficient than using test drivers.

3 The vehicle tracks illustrate the precision and reproducibility achieved under automated control
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Validating occupant protection systems 
requires situations involving large longitu-
dinal and vertical acceleration forces to be 
tested in which the airbag actuators must 
only be initiated under certain conditions. 
This includes vehicles having to leap over 
ramps at up to 70 km/h, 4, drive over 
simulated curb stones while executing 
emergency braking forces or ram into 
realistic models of wild animals. Further-
more, rough road testing to validate vehi-
cle durability can expose both vehicles 
and test drivers to extreme stress. These 
manoeuvres can now be executed in auto-
mated mode by robot-controlled vehicles 
without subjecting test drivers to any 
stress.

coordInatIng several vehIcles

The benefits of “coordinated automated 
driving” can be exploited to the full when 
conducting tests involving several vehi-
cles. A large proportion of the testing of 
collision prevention or collision mitigation 
systems involves validating situations 
similar to actual accident scenarios but 
where the emergency braking system 
must definitely not be triggered. These sit-
uations mostly require vehicles to pass at 
very close range with, for example, an 
evading manoeuvre being executed at the 
last moment.

With robot-controlled vehicles, these 
tests can be carried out precisely, repro-
ducibly and without posing any risk to 
test drivers or equipment. Parameters 

such as approach speed and angle, mini-
mum spacing, etc. can be easily adjusted. 
A new software version or a new sensor 
variant can be tested using exactly the 
same manoeuvres, producing a test result 
which is both reproducible and 
meaningful.

The supreme test of vehicle coordination 
is cross-traffic at intersections at high speed 
and at very close proximity. Research 
projects such as “Aktiv” [7] stress the 
importance of this sort of traffic scenario. 
Traffic at intersections poses the highest 
requirements for precision with regard to 
both time and space. In contrast, longitudi-
nal traffic scenarios (overtaking and oncom-
ing traffic) often only demand spatial preci-
sion. Another consideration is the major 
damage that results from faulty execution of 
the manoeuvre. For health and safety rea-
sons, close overtaking at speed is not car-
ried out using test drivers. Coordinated 
automated vehicles allow cross-traffic 
manoeuvres to be carried out safely at up to 
70 km/h and with minimum spacing of 
approximately one metre, 5. 

vIrtual guIde raIls and  
self-drIvIng crash targets

Automated vehicles also permit assistance 
systems that intervene actively to be 
safely tested while hardware and software 
is still under development. The essential 
feature here is to give the systems room to 
react to the situations with which they are 
faced. Following a precisely pre-deter-

mined route would be counterproductive 
in such instances.

By using the so-called virtual guide rail 
function of the robot vehicle, a corridor 
can be defined within which braking or 
steering interventions by the assistance 
system can be tested. If the vehicle is 
about to depart from this corridor, due to 
the assistance system intervening either 
insufficiently or too strongly, only then 
will the robotic system intervene, either 
bringing the vehicle back on course or 
bringing it to a halt.

A further extension of the “coordinated 
automated driving” concept is the use of a 
self-driving soft crash target, 6, for testing 
accident scenarios that do not end in near 
misses but in a crash. This vehicle, which 
is deliberately designed for crash scenarios, 
consists of a narrow, electrically-driven 
chassis and, just like the robotic vehicles, it 
can drive precisely along pre-planned tra-
jectories. The vehicle is also equipped all-
round with deformable air cushions which, 
when a crash occurs, reduce the speed dif-
ferential using a damping characteristic of 
the collision force. This disperses the crash 
forces uniformly throughout the entire 
duration of the crash, thus minimizing 
their effect.

The self-driving soft crash target allows 
tests of collisions between moving vehicles 
to be carried out. The target can be used 
with radar and camera-based assistance 
systems because both its radar signature 
and visual appearance are similar to those 
of a vehicle. Its freely programmable trajec-

4 Driverless validation manoeuvre: leaping over a ramp at up to 70 km/h
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tories and its overall similarity in appear-
ance to a vehicle make it suitable for use in 
every conceivable traffic scenario.

summary

The concept of “coordinated automated 
driving” offers the prospect of executing 
manoeuvres with hitherto unknown preci-
sion and reproducibility when testing 
assistance systems. Consequently, it is 
now possible for systems to be tested in 
safety-critical traffic scenarios and to be 
quantitatively validated more effectively. 
“Coordinated automated driving” makes a 
significant contribution to the comprehen-
sive and robust testing and validation of 
future generations of assistance systems.

At the same time, the automated han-
dling of test procedures makes it possible 

for the effective handling of officially 
agreed standard tests, such as those 
which might be necessary for a thorough 
comparison of similar assistance systems 
designed by different manufacturers or 
which might be used for a future active 
safety systems rating system. Active 
safety systems could then also be sub-
jected to the same sort of systematic 
examination and assessment that has 
been carried out for years on passive 
safety crash systems. “Coordinated auto-
mated driving” opens the door to this 
possibility.
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5 extremely close crossing manoeuvre at an intersection at 70 km/h
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Active Noise ReductioN foR 
ReAR Axle GeAR uNits
The requirements on NVH behavior of passenger cars significantly increased. Volkswagen AG and Fraunhofer 

IWU show in a collaborative project new ways in the development of active mass damper for rear axle gear unit 

applications. With the presented system, consisting of an inertial mass actuator and a virtual absorber, the noise 

in the interior caused by the gear mesh could be reduced above 5 dB.
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noIse Phenomenon rear axle 
Gear WhIne

In recent years the requirements on 
acoustic properties of passenger cars sig-
nificantly increased. Due to environmen-
tal restrictions, comfort aspects and com-
petition the car manufacturers have to 
match strict acoustic limits.

Due to this development, modern rear 
axle gear units (RAG) have to fulfill rigor-
ous acoustic requirements, too. Usually 
their acoustical behavior is dominated by 
single tones which are un  pleasant and 
should not be audible. Four-wheel-drive 
cars are very sensitive for vibrations in the 
powertrain; this property often leads to the 
so called rear axle gear whine. Gear mesh 
vibrations in the powertrain are leading to 
noise in the passenger compartment.

Experimental and computational modal 
analysis revealed a reso nance of the pow-
ertrain at a frequency of 430 Hz. When 
excited by the gear mesh of the rear axle 
gear unit, ❶, at a certain speed of the test 
car this resonance leads to vibrations and 
noise. This effect can be measured in the 
vertical acceleration of the RAG and the 
interior sound pressure level of the car, ❷.

By using a scanning vibrometer the 
movement of the RAG has been investi-
gated. These measurements revealed a 
rigid body movement of the RAG. While 
the back of the RAG shows almost no 
movement, the front part swings up and 
down with the frequency of 430 Hz. 
Transfer-path-analysis revealed that the 
vibration is mainly transmitted via the 
front elastomer of the RAG and the two 
front elastomers of the rear subframe into 
the vehicle body from which it is radiated 
as airborne noise into the passenger com-
partment (①, red labeled).

Within the research project the airborne 
noise reduction inside the car by using an 
active controlled system for damping the 

vibra tion of the RAG has been the main 
focus for Volkswagen AG and Fraunhofer 
Institute for Machine Tools and Forming 
Technology (IWU).

ConCePtIon and layout of the 
aCtIve system

Considering the most effective actuator 
crosspoints erasing the first mesh-har-
monic at the rear axle gear unit two posi-
tions have been preferred within the 
research project: The direct connection to 
the RAG (“A” in ①) and the rear subframe 
(RSF) interface close to the front RAG 
bearing (“B” in ①). The difference 
between these two connections is only 
measurable in the acceleration amplitude 
of the occurring vibrations within the rele-
vant frequency range of the test vehicle 
and the necessary dependant regulating 
forces.

The direct actuator connection at the 
RAG is perfectly suited for the complete 
extermination of resonance vibrations. Fur-
thermore force and displacement show 
their maximum at this position. A com-
plete compensation of the rigid body vibra-
tion inducted to the bodywork is rather not 
possible. The reason therefore is that a 
minor part of the relevant structure-borne 
sound is being transmitted via the rear 
RAG-elastomer supports. The first objective 
of the research project was to investigate 
whether the advantages according to this 
position – low regulation force and dis-
placement – allow an acceptable vibration 
reduction. The relevant elastomer support 
between RAG and RSF therefore causes an 
absorption by factor 3.

An electro-dynamic shaker was used as 
a testing proof of effectively working as 
inertial mass. Based on the mentioned test- 
and evaluation results the parameters could 
be improved to reduce the amplitudes of 
the relevant vibration components. The 
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vehicle was tested on a rolling road test 
bench to set up the relevant driving con-
ditions and constant speed. Acceleration 
measurements at the RAG as well as the 
acoustic feedback in the vehicle, recorded 
via microphones, verified the capabilities 
of the system.

funCtIonalIty of an  
InertIal mass aCtuator

To generate compensation force an iner-
tial mass actuator [2] was used. ❸ (top 
left) shows the corresponding mechanical 
circuit diagram for such system. The iner-
tial mass mA is connected to the structure 
with the stiffness cA. The actuator, connected 
between the mass and structure, is gener-
ating the force FA. The reaction force which 
is applied to the structure is labelled with 
FR. The actuator with the frequency fA is 
working above his resonance frequency 
fRA. It reacts against his inertial mass and 
the generated force FA applied to the struc-
ture has the same value, ③ (top right). 
Consequently the inertial mass actuator is 
an ideal power source if it is operating in 
the relevant frequency range. It is able to 
pass the necessary compensation force 
into the structure.

To keep the inertial mass as small as 
possible it is common to use a low spring 
stiffness cA in the system which causes a 
very low resonance frequency. Due to that 
electro-dynamic actuators which do not 
have any principle rigidity were selected. 
Later on the low stiffness was realised 
with leaf springs, ③ (down right).

The control concept of the inertial 
mass actuator is based on the functional-
ity of a virtual absorber [3, 4]. For this 

purpose the acceleration at the actuator 
crosspoint to the structure is measured 
which allows establishing the force exci-
tation of the actuator. This force-calcula-
tion occurs in a digitalised real-time sys-
tem using a linear model which repre-
sents the behaviour of a real mechanical 
absorber. The coupling between absorber 
and structure is disconnected but the 
applied in force is equivalent to a real 
absorber in value and phase.

PrInCIPle of damPInG vIbratIons

The principle of a mechanical absorber 
can be explained basing on a single-mass 
vibrator as shown in ❹ (top left) [5, 7]. 
This reduced system, presented in the 
diagram, ④ (top right), shows the ampli-
tude response of the transfer function 
between force F and oscillation ampli-
tude x. This diagram illustrates the char-
acteristic in  crease of the amplitude 
which typically occurs by excitation in 
resonance frequency. Changing the sys-
tem by coupling the absorber mass mT 
with the coupling stiffness cT (absorber 
spring) on top of the mass m results in 
the diagram as shown in ④ (green line). 
This curve progression shows one zero, 
which is defined by the absorber charac-
teristics and whose frequency equates to 
the absorber eigenfrequency fA. The 
absorber eigenfrequency is also defined 
as the ratio between absorber mass mT 
and absorber stiffness cT.

As a result of one additional mass and 
consequently one additional degree of 
freedom, ④ shows two secondary reso-
nances (④, fR1 and fR2) which are placed 
above and below the zero frequency. But 

a real zero only appears for a so called 
undamped absorber. In general minimiz-
ing the absorber damping dT decreases 
the oscillation amplitude of the mass m at 
the absorber frequency but increases the 
secondary resonances. Increasing the 
absorber damping accordingly reverses 
these effects.

The mechanical absorber model is real-
ised in a real time computer by the follow-
ing transfer function gT(s):

eQ.

gT (s)  =   
FR(s)

 ____ a(s)   
 
=   

dT · s + cT
  ______________  

s2 +   
dT
 ___ mT
   · s +   

cT
 ___ mT
  
  

The advantage compared to an active 
absorber is the easy tunability of absorber 
parameters [6]. This means, that the absor -
ber frequency can be calculative adjusted 
by changing the absorber mass mT as well 
as the absorber stiffness cT and absorber 
damping dT.

The transfer function of the absorber is 
implemented in the real time system as an 
observable canonical form which allows 
changing several factors depending on the 
operating situation. The mass of the vir-
tual absorber was chosen according to a 
valuation of the necessary inertial mass. 
For this purpose as well as for an active 
absorber the damping should be as low as 
possible. Hence this realisation is based 
on a real time calculation an undervalued 
damping could cause extreme amplitudes 
or even instability. The damping value 
was iteratively established to be as small 
as possible but as great as necessary to 
avoid instability.

❷ Phenomenon of rear axle gear 
whine in the air (left) and structure
born noise spectrum (right)
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adaPtIon of stIffness

To achieve an optimal vibration reduction 
actuator- and absorber frequency respec-
tively should match with the trouble fre-
quency [6]. This frequency is character-
ised by the tooth mesh of the RAG and so 
it depends on the driving speed. Due to 
that a continuous adaption of the absor -
ber frequency is essential. To detect the 
frequency and the energy of the disturb-
ing signal in real time several approaches 
were developed within this research pro -
ject. The adaption of the absorber frequency 
can be realised via the interpretation of 
the phase relation between acceleration at 
the actuator cross point to the structure 
and the acceleration of the absorber mass.

aCtuator and ControllInG  
In PraCtIse

At Fraunhofer IWU a test rig has been 
constructed to figure out the optimal actu-
ator position and to adjust the parameters 
of the control system. ❺ (left) shows the 
test rig which consists of the shaker and 
the components of the rear axle of the test 
car: the cardan shaft, the RAG with con-
necting rods and the RSF. The RSF is 
mounted by four load cells and stiff pillars 
to ground.

To simulate the excitation of the RAG 
an artificial sine-wave pulsation has 
been applied on the housing of the RAG 
by the electro dynamical shaker. The 
load cells and acceleration sensors at 

the elastomers have been used to moni-
tor the perfor mance of the active con-
trolled system. ⑤ (right) shows an 
increasing acceleration when the system 
is shut off.

After verification on this test rig the 
active system was mounted in an experi-
mental vehicle. The actuator has been in -
stalled to position B, ①. At the Volks-
wagen site in Kassel different tests have 
been carried out on a car roller test rig. 
Especially tests with constant velocity at 
the critical frequency revealed the func-
tionality of the actuator. ❻ (left) shows a 
Campbell diagram of a sound pressure 
measurement in the vehicle interior. 
When the system is active the gear mesh 
order is significantly reduced. ⑥ (right) 

❸ Image of inertial mass actuator and computer absorber ❹ Principle of mechanical absorber

❺ Test setup at Fraunhofer IWU (left) and acceleration diagram of the 
 actuator mounting (right)

01I2011 Volume 113 35

p
er

so
n

al
 b

u
ild

u
p

 f
o

r 
F

o
rc

e 
M

o
to

rs
 L

td
.



shows a gear mesh order cut of the RAG 
acceleration and sound pressure level. It 
is obvious that the amplitude rises when 
the system is shut off. This effect is con-
siderably audible.

Beside the tests at constant velocity run 
ups and downs have been performed on 
the car roller test rig. These tests also reveal 
that the system works well.

further PossIbIlItIes ahead

The collaborative project of Volkswagen 
AG and Fraunhofer IWU showed new 
ways in the development of active mass 
damper for rear axle applications. With 
the presented active controlled system the 
sound pressure level of the gear mesh 
order could be reduced above 5 dB. 
Acoustic engineers judge this reduction by 
2 BI on a scale of 10 which is used for the 

ranking of acoustic quality of cars. The 
functionality of the active system which 
consists of a inertial mass actuator and a 
virtual absorber has been proofed by the 
tests. The system is supplied by the cars 
energy system and operates with low bat-
tery consumption. On demand it can be 
switched on and off and fits into to the 
space available at the powertrain.

In future the importance of acoustic 
quality of cars will further increase which 
makes new ways of noise reduction inter-
esting. This project has shown that an 
active controlled system can significantly 
reduce vibrations and noise. Motivated by 
the promising results further investigations 
about saving potentials in gearing process 
(for example lapping) and higher efficiency 
of the rear axle gear unit are in planning. 
Today these aspects are usually contrary to 
the acoustical behaviour of gear units.
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❻ Campbell diagram of a sound pres
sure measurement in the vehicle interior 
(left) and gear mesh  order cut of the rAG 
acceleration and sound pressure level 
(right)
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The New Vw Caddy
�A�CAr�for�EvEry�oCCAsion
Volkswagen Commercial Vehicles has launched a new generation of the Caddy with wide-ranging updates.  

As the first city delivery vehicle and compact MPV in this class, it is equipped with ESP as standard equipment 

in all versions and has six new four-cylinder TDI and TSI engines with up to 21 % fuel economy improvement. 

The development objectives also included a highly precise styling that follows the Volkswagen design-DNA. 
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development goals and  
posItIonIng

Safety must never be compromised for 
monetary reasons. That is why Volkswa-
gen Commercial Vehicles decided to offer 
the new Caddy, the brand’s entry-level 
model, with ESP as a 100 % standard fea-
ture – and it is the first vehicle in its class 
to offer this. Another objective was to 
meet the requirements of the EU5 emis-
sions standard at all power levels. This 
has been achieved by a restructured 
engine range and the use of the first 
seven-speed dual clutch gearbox in this 
segment. Other, high-priority development 
goals were to optimise the vehicle’s utility 
value and operating costs as well as 
improving reliability and comfort. As 
another first in the Caddy class, Hill 
Climb Assist has been introduced.

The equipment lines have also been 
reconfigured, 1. On the Caddy, Volkswa-
gen makes a basic distinction between 
commercial versions used as business 
vehicles and passenger car versions gener-
ally driven by private individuals. In the 
business line, panel van and kombi ver-
sions are still offered here, and they 
account for about 70 % of the total pro-
duction volume. For the passenger car 
versions, three equipment lines will be 
available immediately: Startline, Trendline 
and Comfortline. The Trendline version 
replaces the Caddy Life. The more exten-
sively equipped Comfortline version 
replaces the special Style model. The new 
exclusive model is the Caddy Comfortline 
Edition (previously Style Edition). Still in 
the programme are the Tramper camper 
version, which is especially popular 
among young globetrotters, and the Maxi 
(extended wheelbase) and 4Motion ver-
sions (four-wheel drive).

sIx new engIne versIons 

Six of the seven engines offered on the 
Caddy are new to the range. Five of them 
follow a downsizing principle. Engine dis-
placement is deliberately reduced and 
compensated for by supercharging and 
direct injection systems. Due to engine 
downsizing to just 1.2 l, the combined 
fuel consumption of the 63 kW and 
77 kW petrol direct injection engines was 
reduced to 7.0 l of fuel (equivalent to  
164 g/km CO2). The turbodiesels output 

55 kW, 75 kW, 81 kW and 103 kW. They 
all operate with common rail injection, 
which is both quiet and fuel-efficient. The 
75 kW version with BlueMotion Technol-
ogy (with a stop/start system and energy 
recuperation) consumes just 4.9 l per 
100 km in the panel van (equivalent to 
134 g/km CO2). All TDIs engineered to the 
EU5 emissions standard are fitted with a 
diesel particulate filter as standard equip-
ment. Like the previous generation model, 
the new Caddy is also being offered with 
an 80 kW 2.0-l four cylinder engine (Eco-
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Fuel) that was developed for natural gas 
operation 2. The 75 kW TDI can be 
ordered with an optional seven-speed 
DSG. For the more powerful 103 kW TDI, 
a six-speed DSG is available. 

1.2-l tsI wIth 77 kw

In all core markets, the 1.2-l TSI replaces the 
1.6-l MPI with multi-point injection. The lat-
est series of four-cylinder petrol engines 
from Volkswagen AG is characterised by a 
redesigned die-cast aluminium cylinder 
crankcase with cylinder liners in grey cast 
iron. Other engine features include the two 
diagonally mounted valves per cylinder 
head with a roller cam follower valve drive 
and timing chain. The piston assembly with 
a ring pack designed for lower tangential 
stresses also has a lightweight construction. 
This results in reduced friction and tangen-
tial forces. The crankcase vent with an oil 
separator was integrated into the cylinder 
head and engine block. In sum, design 
modifications resulted in an engine that 
weighs 24.5 kg less than the engine at the 
next higher power level.

Just how efficiently the engine operates 
is evident in the combined fuel consump-
tion value of the Caddy 1.2 TSI: 7.0 l/100 
km. The equivalent previous model con-
sumed 8.2 l/100 km or 17 % more. The 
engine attains its maximum power at 
5,000 rpm. It can transfer its maximum 
torque of 175 Nm to the crankshaft from 
1,550 rpm. The TSI accelerates the Caddy 
to 100 km/h in 12.4 s and attains a top 
speed of 169 km/h, 3.

1.6-l tdI wIth 75 kw 

After successful implementations of 2.0-l 
common rail engines in passenger cars, 
Volkswagen Commercial Vehicles is now 
presenting the second generation of this 
diesel series in the Caddy. Key develop-
ment goals were improved fuel economy, 
acoustic comfort, smooth engine running 
and low exhaust emissions.

The TDI engines fulfil the requirements 
of the EU5 emissions standard and are 
equipped for future requirements – espe-
cially those related to the environment 
and sustainability. 

The 1.6-l TDI is offered at a power level 
of 75 kW. The underlying objective in 
designing this completely new base 
engine was not just to reduce engine dis-
placement. Based on experience from the 
first generation, details of all other com-
ponents were revised and optimised with 
regard to friction losses, acoustics and 
emissions. 

The cylinder crankcase made of lamel-
lar graphite cast iron has a very strong 
and rigid construction. Bowed features 
and reinforcement ribs created high tor-
sional and bending rigidity, minimised 
cylinder distortions and low acoustic 
wave emissions. Optimisation of the cylin-
der crankcase to design targets enabled a 
10 % weight reduction compared to the 

first generation. The engine displacement 
of 1,598 cm³ is attained by a bore diame-
ter of 79.5 mm and a stroke of 80.5 mm.

An evaluation of the cylinder head 
should consider modifications that were 
made to the induction air channels and 
valve diameters to adapt them to the 
lower displacement. Valve spring forces 
were lowered to reduce friction forces. 
The integrated channel for exhaust gas 
recirculation makes the component more 
compact.

The crankshaft drive was also rede-
signed. The forged connecting rod with a 
length of 152 mm reduces force compo-
nents perpendicular to the cylinder walls. 
In addition, the almost square stroke/bore 
ratio decreases the mean piston velocity by 
10 % and reduces internal engine friction. 

The crankshaft is designed with four 
cheeks. This was a primary factor in mak-
ing the crankcase drive 15 % lighter. 
Decreasing tangential forces at the piston 
rings has reduced the friction of the pis-
ton group while simultaneously attaining 
a low oil consumption and blow-by val-
ues. The optimised contour of the oil 
scraper ring improves its scraping effect 
and allows only minimal tangential forces. 
In conjunction with the optimised round-
ness of the cylinder liners, this also 
reduces friction power losses.

commerce passenger cars leIsure

Comfortline Edition

Comfortline

Kombi Trendline

Panel Van Startline Tramper

1 The equipment lines of the new Caddy

2 Caddy EcoFuel for operation on natural gas
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The camshaft drive and the drive for 
the ancillary components were also opti-
mised to improve their acoustics and 
reduce friction power losses. Making a 
significant contribution here is the nar-
rower toothed belt, whose width was 
reduced by 25 mm, as well as a self-ten-
sioning flexible belt for driving the gener-
ators and one toothed belt for driving the 
oil pump.

In conjunction with BlueMotion tech-
nology, this engine makes the new Caddy 
one of the most fuel-efficient models in 
the model series. Its combined fuel con-
sumption of 4.9 l per 100 km (equivalent 

to 129 g/km CO
2) contrasts with its 

dynamic driving performance: The Caddy 
1.6 TDI accelerates from 0 to 100 km/h in 
12.9 s, and its top speed is 170 km/h. It 
outputs its peak power at 4,400 rpm and 
already develops its maximum torque of 
250 Nm at 1,500 rpm, 4.

2.0-l tdI wIth 103 kw

The second generation 2.0-l TDI is based 
on the engine of the 1.6-l TDI, and it sys-
tematically supports modular construction 
methods. The crankcase bearing block 
was reinforced for higher power. The bore 

diameter is 81 mm. With a stroke of 95.5 
mm, this results in a stroke volume of 
1,986 cm³. 

The diameters of the intake and 
exhaust valves of the cylinder head were 
enlarged by 1.5 mm to cover increased air 
flow requirements. For optimal air induc-
tion into the combustion chamber, the 
inlet channels were also modified. The 
injection system and turbocharger were 
tuned to the higher power level as well.

The Caddy 2.0 TDI in the panel van ver-
sion consumes 5.9 l/100 km (equivalent to 
155 g/km CO

2). This contrasts with a top 
speed of 186 km/h and an acceleration 
time of 10.0 s for the sprint to 100 km/h. In 
addition, the TDI has an impressive torque 
reserve at practically every engine speed, 
developing its maximum torque of 320 Nm 
from a low 1,500 rpm. Its reaches its maxi-
mum power at 4,200 rpm, 5.

the caddy’s four-wheel  
drIve system 

In introducing the Caddy 2.0 TDI 4Motion 
(81 kW), Volkswagen Commercial Vehicles 
is the only manufacturer to offer a city 
delivery van or compact MPV with perma-
nent four-wheel drive, 6. In addition to 
the use of the fourth generation electroni-
cally controlled Haldex clutch, specific 
4Motion features include a two-part 
cardan shaft, exhaust system modifica-
tions to adapt it to the rear differential and 
cardan shaft, and reinforcements in the 
rear body side members. The electro-
hydraulic Haldex clutch of the Caddy 
4Motion operates in an oil bath. The 
multi-plate clutch system itself is flanged 
to the rear differential. Via an electric 

3 Power curves of the 1.2-l TSI engine 4 Power curves of the 1.6-l TDI engine 5 Power curves of the 2.0-l TDI engine

6 4Motion four-wheel drive system in the new Caddy
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pump, a pressure reservoir is supplied 
with oil at a working pressure of 30 bar. 
An electronic control unit computes the 
ideal drive torque for the rear axle, and it 
regulates, via a valve, how much oil pres-
sure is applied to the working piston of 
the multi-plate clutch. This increases the 
surface pressure on the clutch plates in 
proportion to the torque desired at the rear 
axle. The amount of pressure applied to 
the clutch plates can be varied continu-
ously to adjust the amount of torque trans-
fer. Activation of the 4Motion system is 
independent of slip, since the working 
pressure is always available. In extreme 
cases, up to 100 % of the drive torque  
can be directed to the rear axle. 

seven-speed dual  
clutch gearbox

The new Caddy is also the only city deliv-
ery vehicle and compact MPV in its class 
to be offered with an efficient dual clutch 
gearbox (DSG) as an option instead of  
a conventional automatic gearbox, 7. 
For the first time in this model series, 
Volkswagen Commercial Vehicles is now 
implementing a seven-speed DSG in addi-
tion to the six-speed DSG. These gear-
boxes are offered in the 1.6-l TDI (75 kW) 
and 2.0-l TDI (103 kW). The two types of 
DSG differ in the maximum engine torque 
they can handle; the seven-speed DSG is 
used in the Caddy 1.6 TDI, while the six-
speed DSG is used in the Caddy 2.0 TDI.

The dual clutch gearbox primarily con-
sists of two independent gearbox units, 
each with a separate clutch. Functionally, 
each of these gearbox units is constructed 
like a manual transmission. One key prop-
erty of the seven-speed DSG is its dry 
clutches. The dry clutch system offers 
numerous advantages which, in sum, lead 
to even further efficiency gains. For exam-
ple, there is no need for a suction filter, oil 
cooler or pressurised oil lines in the gear-
box housing, since no oil is needed to 
cool the clutch plates. What remains is 
the “normal” gearbox oil for lubrication 
and cooling of the gears and bearings. By 
eliminating clutch cooling oil, the total 
volume of oil was reduced from 6.5 l (six-
speed DSG) to 1.7 l in the seven-speed 
DSG. The two DSG variants are specialists 
at their respective tasks. While the six-
speed DSG is used in large and torque-
strong engines (up to 350 Nm) due to its 

wide torque range, the seven-speed DSG 
is designed specifically for use with 
smaller engines (to 250 Nm torque). 

The seven-speed DSG being used in the 
Caddy 1.6 TDI makes a significant contri-
bution towards further reducing fuel con-
sumption and emissions. In parallel, it 
offers a plus in agile performance. The 
reasons are obvious: in the seven-speed 
configuration, it was possible to lay out 
the first gear with a shorter gear ratio, 
thus improving drive-off performance. 
Despite the shorter gear ratio for drive-off, 
the gearbox is characterised by a very 
comfortable and tight sequencing of the 
gears and an overdrive. This long seventh 
gear has a positive effect on fuel econ-
omy, emissions and acoustic comfort.

Engine power is transferred to the dual 
clutch via the crankshaft and a dual-mass 
flywheel. The system has two dry friction 
clutches and one central plate. The latter 
transfers the torque to the drive shaft via 
the relevant clutch. Clutch I handles the 
odd-numbered gears, and clutch II the 
even gears plus reverse gear. The result of 
this sophisticated clutch management 
approach is that there are no gaps in pro-
pulsive power during shifting. The sys-
tem’s comfort and convenience are excel-
lent, and the driver experiences an incom-
parably dynamic yet comfortable shifting 
feeling. Responsible for this – along with 
an intelligent electro-hydraulic transmis-
sion control (mechatronic system) – are 
two clutches, two drive shafts and three 

final drive shafts. This networked system 
makes it possible to continually “lie in 
wait”, ready to go into action at the next 
higher driving level. 

The “brains” of the Volkswagen dual 
clutch gearbox are the mechatronics. This 
electronic control unit regulates the rapid 
and complex shifting processes. The basic 
layout of the mechatronics includes an 
electronic control unit and what is known 
as a valve block with individual sensors 
and actuators. Specifically, the mechatron-
ics module computes and controls data 
such as the data for controlling the 
clutches, the individual gears, pressures 
and various safety stages. Also used here 
are modulator valves, switching valves 
and a large number of hydraulic valve 
spools.

The mechatronics of the seven-speed 
DSG were designed as an autonomous 
unit with an oil circuit that is separate 
from the gearbox. This also yields 
advantages:
 : The hydraulic fluid can be specially 

tuned to the needs of the mechatronics, 
while a normal oil such as that used for 
manual transmissions can be used for 
the gearbox. The low-temperature prop-
erties of the mechatronics are very 
good, since no compromises need to be 
made in terms of oil viscosity. 

 : The high purity of the hydraulic oil ena-
bles use of so-called cartridge valves 
with very small gap dimensions. They 
significantly reduce the amount of leak-

7 Seven-speed DSG DQ 200
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age, and the use of an electrically pow-
ered pump is economical. 

 : The pressure level can be elevated com-
pared to an open hydraulic system. At 
the same time, the actuators can be 
made smaller due to the higher power 
density, and this reduces the overall 
weight of the gearbox. 

 : The mechatronics can be fully assem-
bled and tested outside the gearbox. 

 : The dual clutch and gearshifting do not 
require an internal combustion engine. 
Theoretically, the system could be used 
together with a hybrid drive system 
with a stop/start function.

exterIor – clean and  
precIse shapes

A new generation of Volkswagen commer-
cial vehicles whose exterior bears the sig-
nature of the company’s new design DNA 
is being launched on the market with the 
debut of the new Caddy. This is particu-
larly apparent in the completely new front 
end design characterised by a horizontal 
organisation of elements. The radiator 
grille and headlights – available in two ver-
sions (H4 and H7, each with integrated 
daytime running lights) – form an integral 
unit with the lower bumper area. Fitted in 
the bumper are the new, optional front fog 
lights with optional cornering light func-
tionality, which is available on all models.

In its side profile, the Caddy’s two new 
alloy wheel choices (15 and 17-inch) and 

new distinctive body contour line catch 
the eye. This line runs from the headlights 
to the triangular windows of the A-pillars. 
Setting a benchmark in its class are the 
roof rails being offered for the first time 
on the Caddy, which are standard equip-
ment from the Comfortline. They have a 
load capacity of 100 kg. New at the rear 
are the restyled signatures, rear lights and 
VW logo. Also revised are the lighting 
unit in the license plate frame and the 
now electrically actuating tailgate handle.

InterIor – Improved  
functIonalIty and equIpment

The new Caddy is distinguished by numer-
ous detailed modifications. They include 
new user controls, as well as new three-
spoke steering wheels and upholstery fab-
rics and the now fully trimmed interior – 
even on the Caddy Trendline. The colour of 
the interior trim in the side and floor areas 
was also changed from “Art Grey” to a 
darker “Anthracite.” Another eye-catching 
feature is the redesigned controls for the 
manual air conditioning or automatic cli-
mate control system on the centre console. 
The now lockable glove box is cooled by 
one of these two air conditioning systems 
on the Trendline und Comfortline equip-
ment lines. 

In parallel, Volkswagen Commercial 
Vehicles also improved the versatility of 
the Caddy’s seating system, which accom-
modates from two to seven seats depend-

ing on the version and equipment fea-
tures. The most important innovation is 
that, in contrast to the previous model, 
the individual second row seats can now 
be completely removed, 8. In addition, a 
new seat rail design has made it consider-
ably easier to remove the third seating 
row. When the two rear seat rows are 
removed, this increases the MPV’s maxi-
mum cargo length to 1,781 mm or 2,250 
mm (Caddy Maxi). With this seat configu-
ration, boot space volumes are 3,030 l and 
3,880 l, respectively. 

summary

The standard-equipment ESP of the new 
Caddy shows once again that Volkswagen 
Commercial Vehicles takes its responsibil-
ity towards customers very seriously. In 
addition, the optimised model takes a 
great leap forward in the competitive field 
with a unique line-up of engines. Fuel 
consumption and emission values are sig-
nificantly better than those of the previ-
ous model. This has resulted in substan-
tially lower operating costs. Its new TSI 
and TDI engines also offer improved com-
fort with reduced noise emissions. In the 
interior, new styling and an optimised 
seating system will reinforce the Caddy’s 
position as market leader in Germany. 
The city delivery vehicle and compact 
MPV also has the potential to expand its 
position internationally. Last but not least, 
the vehicle’s technical features, its styling 
that is characterised by timeless precision 
and further improved quality also contrib-
ute to making the new Caddy one of the 
best in its class in retaining its value.

8 removable second row of seats
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A simulation environment was developed at the University Wuppertal to predict 
the discomfort behavior in virtual prototypes for armrests. A coupled solution 
of the structural mechanics of the foam structure of the armrest and the fluid 
flow is capable to determine the local conditions. The discomfort behavior is 
estimated by a correlation matrix of experimental values. Extensive experiments 
were made to gain the correlation matrix for the discomfort behavior which 
could be given as a function of velocity and volume flow.
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1 introDUction

Comfort issues are an important factor in the development of new 
products. In most cases, the evaluation of discomfort, like the dis-
comfort of armrests in automotive applications, is done in late 
phases of the product development, i.e. a real prototype already 
exists. Changes or improvements of the discomfort behavior re-
quire new prototypes and extensive testing resulting in high costs. 
Currently, numerical tools like computational fluid dynamics are 
not capable of evaluating or indicating discomfort behavior. In this 
work, ventilated and tempered armrests which are used in trucks, 
cars and construction machines, are considered using a coupled 
simulation of fluid and structure to evaluate discomfort behavior. 
An evaluation or optimization of the ergonomics of the armrest, 
proposed by Murphy and Oliver [1], was not considered.

A definition of comfort and discomfort was described in the work 
of Zhang et al. [10]. Comfort and discomfort are not describing 
opposites but rather liking (comfort) or bearing (discomfort). In 
this work the discomfort according to the definition of Zhang et al. 
[10] will be evaluated.

In the past various works have been carried out to evaluate ther-
mal comfort. Mezrhab and Bouzidi [5] use a network-model based 
on the solution of the energy balance to describe the temperature 
distribution in the compartment of a car. Zhang et al. [6] calcu-
late the temperature distributions in a car using a CFD tool with 
giving a relationship between the thermal comfort and the values 
found by the CFD analysis. Works based on heating, ventilation 
and air conditioning in buildings, e.g. by Lin et al. [4] describe 
correlations for the thermal comfort as a function of flow veloci-
ties and temperatures. Similar results are obtained by Catalina et 
al. [2] used for the optimization of climate control strategies. 
Zhang et al. [8] describe very detailed the influence of tempera-
ture on 19 different positions of the body and the thermal com-
fort. The influence of flow velocities was neglected. Models for the 
thermoregulation describing heat fluxes in the human body can be 
found in the work of Tanabe et al. [3] or Fiala [9]. The cited pa-
pers determine factors for thermal comfort without a contact be-
tween the body and a support. Cengiz and Babalik [7] ran various 
road tests to evaluate the comfort behavior of different car seats. 
In this work, the thermal discomfort behavior where parts of a body 
(here: elbow) and a support (here: armrest) are in contact are de-
scribed by numerical and experimental methods. The numerical 
methods shall be capable as a design tool to evaluate virtual pro-
totypes concerning the thermal discomfort behavior. 

2 siMUlation MoDel

Numerical flow simulations offer only information about measure-
able quantities like pressure, velocity and temperatures. Informa-

tion about discomfort, especially for applications where a contact 
between the body and a support takes place, cannot be predicted 
with these tools. Therefore, experimental methods are required to 
evaluate these sensations of discomfort. A simulation environment 
was developed to predict the discomfort behavior in virtual proto-
types for armrests. A coupled solution of the structural mechanics 
of the foam structure of the armrest and the fluid flow is capable 
to determine the local conditions. The discomfort behavior is es-
timated by a correlation matrix of experimental values. Extensive 
experiments were made to gain the correlation matrix for the dis-
comfort behavior which could be given as a function of velocity 
and volume flow. In further steps, this method will be extended to 
other applications where a contact between a body and a support 
takes place.

In the next sections, the geometry of the simulation model, 
the simulation procedure as well as the assumptions will be pre-
sented.

2.1 GEOMETry
❶ shows the geometry used for the simulations. The elbow of a 
person will be positioned in the middle of a porous foam repre-
senting the armrest. The geometry of the elbow was reconstruct-
ed using a 3D-scanner (Optix 400M, 3D Digital Corp.). The porous 
foam is covered by a cloth. The conditions of the flow can be var-
ied in respect of temperature and velocity at the inlet of the arm-
rest. Depending on the mechanical pressure of the arm on the 
foam, different flow conditions at the contact point of the arm and 
the foam will be present resulting in different local comfort con-
ditions.

2.2 SIMuLATION PrOCEDurE
Essentially for the evaluation of the thermal comfort behavior is 
the knowledge of the local flow situation, i.e. flow velocity and tem-
perature. ❷ shows the simulation procedure for modeling the dis-
comfort behavior. As the flow properties are dependent on the flow 
structures of the porous media, a structural simulation of the con-
tact problem is done first. Depending on the resulting stress the 
porosity can be obtained by a sub-model explained in the section 
2.4.3. The porosity distribution as well as the deformation of the 
geometry of the foam is taken into account in the CFD simulation. 

1 INTrODuCTION

2 SIMuLATION MODEL

3 ExPErIMENTS

4 NuMErICAL rESuLTS

5 CONCLuSIONS

❶ Geometry of the simulation model
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The resulting velocities and temperatures are the input of a cor-
relation matrix which will be obtained by experimental data (see 
section 3). The result will be the local discomfort behavior. The 
procedure can be integrated in a time loop for the simulation of 
time-dependent processes. Finally, the tool predicts discomfort 
symbolized by the traffic light in ②.

2.3 ASSuMPTIONS
To reduce the computational effort several assumptions have been 
made: 
 : The contact area between arm and armrest will be assumed con-

stant.
 : The flow is assumed to be compressible and turbulent. The tur-

bulent flow will be described with a two-equation turbulence 
model (k-ε-Modell).

 : The foam will be modeled approximately as a linear-elastic 
 material.

 : The foam will be modeled as a homogeneous porous media in 
the CFD simulations.

2.4 MODEL EquATIONS
In the next section, the equations are summarized used for the 
simulation model.

2.4.1 STruCTurE
The displacement v can be calculated using the momentum bal-
ance, Eq. 1, using a linear-elastic material behavior with a linear 
relationship of the strain εs and the stress σs given by young’s mod-
ulus E and the transversal contraction υ, Eq. 2 and Eq. 3, as a re-
sult of the external, volume related force fs.

eQ. 1 ∇ ⋅ σs + ƒs = 0

eQ. 2 σs =  E ____1 + υ  εs+ υE
 __________(1+υ)(1-2υ)trεsI

eQ. 3 εs=1__2[∇υ+(∇υ)T]

2.4.2 FLuID
The flow conditions, i.e. velocity v and pressure p can be calculat-
ed by the continuity, Eq. 4, and the momentum balance, Eq. 5, 
using the effective viscosity μ, Eq. 6. The turbulent flow will be 

modeled with a k-ε-Modell. The turbulent viscosity μt is determined 
by Eq. 7 as a ratio of the turbulent kinetic energy k and the dissi-
pation ε which are the described by two transport equations, 
Eq. 11 and 12, using the turbulent production P. The temperature 
T is calculated from the energy balance, Eq. 8,  assuming ideal gas 
behavior, Eq. 10, and heat transfer coefficient defined by Eq. 9. 
Finally, the humidity can be  calculated with a transport equation, 
Eq. 13, using a diffusion  coefficient Dϕ. The equations – structure 
as well as fluid – are solved using the Open Source CFD-code 
Open-Foam.

eQ. 4 ∇ ⋅ (ρu) = 0

eQ. 5
∇ ⋅ (ρuu) = ∇ ⋅ [μ(∇u+∇uT) – 2 __3  μ∇ ⋅ (u)I] – 
∇p + Si

eQ. 6 μ=μl+μt

eQ. 7 μt=
cμρk2

_____ε 

eQ. 8 ∇ ⋅ (ρucpT) – ∇ ⋅ [α∇T]–u ⋅ ∇p = 0

eQ. 9 α =αl + αt

eQ. 10 p = ρR T

eQ. 11 ∇ ⋅ (ρuk) = ∇ ⋅ [(μl + 
μt

 __σk
 ) ∇k ]+P – ρε

eQ. 12 ∇ ⋅ (ρuε) = ∇ ⋅ [(μl + 
μt

 __σε
 ) ∇ε ]+C1ε

ε __kP–C2ερε
2

 __
k
 

eQ. 13 ∇ ⋅ (ρuϕ) = ∇ ⋅ (Dϕ∇ϕ)

2.4.3 STrESS-POrOSITy rELATIONShIP
Different kinds of foams with different bulk densities, permeabili-
ties and hardness were used in this study. A detailed description 
of the complex structure of the foam in the CFD model fails due 
to the required numerical resolution. The foam will be modeled as 
a homogeneous material in the structural as well as in the fluid 
simulations. The mechanical properties of the foam are deter-
mined by compression tests and modeled by a linear-elastic be-
havior represented by young’s modulus E and the transversal con-
traction υ. Based on these values structural simulations predict 
the displacement and stresses in the foam. The local porosity can 
be estimated based on the local stress influencing the pressure 
drop which is implemented in the CFD code by a source term in 
the momentum equation, Eq. 5. The pressure-flow velocity corre-
lations for different porosities have been obtained by extensive test 
on a flow bench.

Input data
Material and
operation 

parameters

Input data
Experimental data 
from experimental 

setup

Simulation model

fluid simulation
structure simulation

Coupled simulation
Output data
velocities

temperature
humidity

Correlation matrix

Evaluation of comfort

❷ simulation procedure
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3 exPeriMents

To obtain a correlation between measurable values (values like 
 velocity, temperature) and the subjective impression of the dis-
comfort behavior, extensive measurements were made. The exper-
imental setup, the procedure of the experiments as well as the 
 experimental results will be described in the next sections.

3.1 ExPErIMENTAL SETuP
The experimental setup is shown in ❸. heated air will be supplied 
by the pressurized vessel (1) and the heater (2) which enters the 
armrest on the right side. The mass flow is controlled by a mass 

flow controller (3) at the inlet and a mass flow meter (6) at the 
outlet. The air will be distributed homogeneously over the cross 
section by a static mixer and flows through the porous foam. The 
arm is placed in the middle of the armrest on a cloth. A part of the 
volume flow goes through the cloth whereas the most part enters 
the armrest on the right side. Temperatures and pressure values 
are measured at different positions (4) and (5) shown in ③.

3.2 PrOCEDurE OF ThE ExPErIMENTS
For a statistical evaluation of the results, different test procedures 
have been used. Every test procedure has 13 different conditions, i.e. 
temperatures and volume flows. ❹ shows the two different procedures 
which have been used. Each test person has to evaluate, starting from 
the first reference state, if the next state is much more comfortable 
(+2), less comfortable (-2) or nothing has changed (0). Values in be-
tween (-1, +1) were also possible. In  order to check the reliability of 
the measurement two sequences in the test procedure are identical 
(3-5 and 11-13). The results will be confident, if the reliability fac-
tor r, Eq. 14, is smaller than 5. The factor r is defined by the val-
ues of comfort change ∆Ci for the different operation points i.

3.3 ExPErIMENTAL rESuLTS
The values for the change of comfort are shown in the following 
section as functions of the temperature and volume flow at the in-
let of the experimental setup. In the 3D graphs a quadratic inter-
polation of the measured values is shown for a better visualization 
of the data. In total more than 50 people were tested. The age of 
the test persons ranged from 20 to 52 years. 

❺ shows the change of discomfort ∆Ci plotted against the tem-
perature and volume flow at the inlet for foam 1 and test proce-
dure 1. An increase of the temperature has a dominating effect on 
the positive change of discomfort ∆C. Also a reduction of the vol-
ume flow leads to an increase of ∆Ci. 

❻ shows the results for foam 1 and test procedure 1 plotted against 
the changes from step to step. The same behavior like in the 3D graph 
can be seen for the 2D plot. A comparison of the  results for test per-
sons under and above 30 years shows no signifi cant differences, i.e. 

❺ change of discomfort ∆c for different changes of temperature and volume 
flows for foam 1, test procedure 1

❹ Experimental test conditions

❸ Experimental setup

MFC MFM

1

2 3 4 5 6

❻ change of discomfort ∆c for foam 1, procedure 1 for different test conditions
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the discomfort behavior is independent of the age of the test persons. 
A comparison of the male and female test persons show a few differ-
ences regarding the absolute value but not in respect of the trends. 
❼ shows the identical graphs for foam 1 but using the slightly mod-
ified test procedure 2. The same experimental findings can be ob-
tained whereas the differences  between male and female test persons 
are smaller than for procedure 1. Test procedure 2 uses a test point 
with no modification of temperature and mass flow giving a value of 
0.5. Therefore the  experimental results in a range of ±0.5 can be re-
garded as identical. ❽ shows the 3D visualization of all experiments 
showing the identical tendencies, i.e.:
 : dominating effect on a positive ∆C is an increase of tempera-

ture

 : lower volume flows lead to an increase of ∆C
 : no influence of the age of the test persons
 : no influence of foam
 : no influence of sex of the test persons. 
The values for the change of discomfort ∆C can be approximated 
by a quadratic function, Eq. 15, leading to a set of coefficients ai 
shown below:
a0 = 0,166932
a1 = 0,146816 K-1

a2 = -0,00171476 K-2

a3 = -0,00122757 min ∙l-1

a4 = 1,88203∙10-6 min2 ∙l-2

a5 = 0,000424689 min ∙l-1 ∙K-1.

❽ Experimental results for all foams and procedures

❾ streamlines and discomfort ∆c in cross section of 
the armrest

❼ change of discomfort ∆c for different changes of temperature and volume flows 
for foam 1, test procedure 2
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These values are the basis of correlating the flow properties 
 (velocity, temperature) obtained in CFD simulations to changes of 
the discomfort behavior. 

gl. 15
∇C = a0+a1⋅T +a2⋅T

2+a3⋅V
⋅+a4⋅V

⋅ 2+
a5⋅V

⋅ ⋅ T

4 nUMerical resUlts

❾ shows the streamlines and the change of discomfort ∆C in 
the simulation model using the parameters for the foam 1 and 
a volume flow of 200 l/min and a temperature of 27 °C at the 
inlet. By evaluating the discomfort behavior the flow and tem-
perature distributions can be changed to optimize the virtual 
prototype.

5 conclUsions

A simulation environment was developed to predict the discom-
fort behavior in virtual prototypes for armrests. A coupled solu-
tion of the structural behavior of the foam structure and the flu-
id flow  allows the determination of the local conditions. The dis-
comfort behavior is  estimated by a correlation matrix of experi-
mental values. Extensive experiments were made to gain the cor-
relation matrix for the discomfort behavior which could be given 
as a function of velocity and volume flow. In further steps, this 
method will be extended to other applications where a contact 
between a body and a support takes place. 
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The research project, which is supported by the Forschungsvereinigung für Automo
biltechnik (FAT), contains the development of a classification system for the analytical 
determination of the secondary weight reduction in vehicles. Based on defined 
 selection criteria, all components with weight reduction potential of the vehicle areas 
body, drive train, chassis, electronics and interior are identified at first. Based on 
this, empirical and analytical relationships between component properties and weights 
are developed for the calculation of the secondary weight reduction.
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1 introDUction

The efficient use of existing energy resources and the associated 
resource conservation represent a major challenge for the automo-
tive industry. In this context, the reduction of fuel consumption 
and CO2 emissions are important objectives. In addition to the as-
pects drive train optimisation and energy management, the auto-
motive lightweight design contributes to the reduction of CO2. The 
weight of individual components can be reduced by different light-
weight design measures such as material, concept or manufactur-
ing lightweight design. The use of these primary measures enables 
to perform additional secondary measures for weight reduction. 
Within the scope of these measures, for example, the drive train, 

the brakes, the tank system etc. can be adapted in its dimensions 
to keep the properties of the entire vehicle on a comparison level.

2 iDEntification of coMPonEnts With sEconDary 
WEight rEDUction PotEntiaLs

The components of the vehicle areas body, drive train, chassis, in-
terior and electronics have to meet different requirements and lay-
out criteria. One requirement of the drive train components con-
sists, e. g., in transferring the driving power or the driving torque 
to the wheels. By reducing the torque, it is possible to optimize 
the dimensions of the engine speed converter, the torque convert-
er, the transfer gearbox and of the drive shaft. At the same time, 
a decrease of the driving power leads to a reduction of fuel con-
sumption, which leads to the downsizing of the fuel tank at con-
stant range.

The layout of the body occurs in consideration of legal crash re-
quirements (e. g. frontal, rear and side crash). Therefore the ab-
sorption of the crash energy at a defined intrusion is important. 
Forces and loads arising during driving operations represent es-
sential variables for the chassis conception, which depends on the 
gross vehicle weight.

According to that, components whose dimensioning depends on 
the total vehicle weight, the driving power, the driving torque, the 
inertia forces, the fuel consumption and the energy absorption, 

1 InTrOduCTIOn

2  IdenTIFICATIOn OF COmpOnenTs WITh seCOndAry WeIghT 

 reduCTIOn pOTenTIAls

3 AnAlysIs OF The seCOndAry WeIghT reduCTIOn OF The BOdy

4  AnAlysIs OF The seCOndAry WeIghT reduCTIOn OF The drIve TrAIn

5 AnAlysIs OF The seCOndAry WeIghT reduCTIOn OF The ChAssIs

6 ApplICATIOn OF The sysTemATIC

7 summAry

❶ Weight distribution of a compact 
class vehicle
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have potentials for secondary weight reduction. In consideration 
of the selection criteria, components of the vehicle areas, shown 
in ❶, determine the secondary weight reduction potentials, ❷. 
Thus the vehicle areas electronics and interior do not have any 
 secondary weight reduction potentials.

3 anaLysis of thE sEconDary WEight rEDUction  
of thE boDy

The secondary weight reduction potential of the body is deter-
mined by Fe-simulations. For it a reference model based on a vW 
golf v is used. For the analysis of the crash behaviour, the load 
cases euronCAp frontal and side impact as well as a rear impact 
in accordance to Fmvss 301 are conducted, ❸.

For the determination of the secondary weight reduction, body 
components with the highest energy absorption are determined. 
With the assumption of a primary weight reduction of 100 kg, the 
sheet metal thicknesses of these body components are reduced 
until reaching the same crash properties of the reference vehicle 
and the primarily 100 kg weight-reduced vehicle in terms of con-
stant component intrusions.

during the euronCAp frontal impact, 20 % of the kinetic ener-
gy is absorbed by the upper and lower longitudinal beams as well 
as the bumper system. The component weights of the right and 

left longitudinal beams (above and down), the right and left crash 
boxes and the front cross member can be reduced from 19.97 kg 
to 12.82 kg at identical intrusions, ❹.

At the euronCAp side impact with deformable barrier, a total of 
26 % of the introduced kinetic energy is absorbed by the external 
and internal B-pillar, the sill, the side panel, the seat cross mem-
bers and the floor. By a reduction of the vehicle weight of 100 kg, 
the weight of these body components can be reduced from 58.2 kg 
to 57.26 kg, ❺.

during the rear impact with rigid barrier in accordance to  
Fmvss 301, 54 % of the introduced kinetic energy is absorbed by 
the rear longitudinal beams, the rear bumper system and the rear 
floor. The weight of these body components can be lowered by pri-
mary weight reduction from 28.47 kg to 26.95 kg, ❻. For a vehi-
cle with a kerb weight of 1390 kg, the weight of the body can sec-
ondarily be reduced by 9.61 kg, if a primary weight reduction of 
100 kg is considered.

4 anaLysis of thE sEconDary WEight rEDUction  
of thE DrivE train

The dimensioning of the individual assemblies of the drive train (en-
gine, torque converter, engine speed converter, transfer gearbox, addi-
tional energy storage (Aes) and power train) depends primarily on the 

❷ overview of the vehicle areas with secondary 
weight reduction potential

❸ reference model and relevant crash 
load cases [1, 2, 3]
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driving power and the driving torque. The layout of the individual as-
semblies of the drive train therefore requires the knowledge of the driv-
ing torque, which results from the driving resistances. The nedC (with-
out gradient resistance) represents the basis of the calculation. The 
 driving resistances can thus be calculated in accordance with eq. 1.

Eq. 1 PBed = (FR + FL + FB)∙ vFzg = FBed ∙ vFzg

Taking into account the speed-torque characteristics of the engine, 
the gearbox ratio (in) and the differential ratio (idiff), the following 

relation for engine speed, driving torque and vehicle speed can be 
defined:

Eq. 2 nAntr. =   
vFzg ∙ in ∙ iDiff

 __________ 2π ∙ rdyn
   =   

PAntr.
 ________ 2π ∙ MAntr.

  

As a basis for determining the secondary weight reduction, it is 
 assumed that the reference vehicle and the 100 kg weight-reduced 
vehicle have equal handling characteristics in terms of constant 
accelerations. Thereby, the available excess power shall be used 

❹ secondary weight reduction 
potentials in the front structure 
(frontal impact)

❺ secondary weight reduction 
 potentials in the passenger cell 
(side impact)
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completely for the acceleration of the vehicle. Taking into account 
the primary weight reduction and constant accelerations, a new 
engine map can be calculated for the weight-reduced vehicle, ❼. 
Considering the nedC operation, the resulting difference  between 
the driving torques of the reference and the weight-reduced vehi-
cle can be determined as the basis for the layout of the drive train 
components, eq. 2.

For the dimensioning of the torque converter (manual five- and 
six-speed transmission), the shaft centre distance between the 
gearbox input shaft (gIs) and output shaft (gOs) is calculated 
based on the ratio of the first gear and the constant gearbox lay-
out factors Zi and Ki, eq. 3. The gear wheel ratios are determined 
depending on the gearbox-ratio spread ig,ges with the help of the 
progressive ratio φ1 and the progression factor φ2, eq. 4 and eq. 5. 

Based on the calculated ratios, gear wheel (dz,n) and pinion diam-
eters (dr,n) can be determined, eq. 6 and eq. 7.

Eq. 3

a =  3   √
______________

    
MAntr. ∙ (i1 + 1)4  

  ______________  
4 ∙ i1 ∙   b 

 __ d1
  
     ∙

 
 
3 
 
 √
_________________________

     
(ZB/DZHZEZεZβSH)2 ∙ (KAKVKHβKHα)

   _________________________   (σH.limZNTZLZRZVZWZX)
2    

Eq. 4 φ1 = z-1 
 
 √
_________

   
iG,ges
 _________ φ2

0.5∙ (z-1)∙(z-2)    

Eq. 5 in = iz ∙ φ1
(z-n) ∙ φ2

0.5 ∙ (z-n )∙(z-n-1)

#Eq. 6 dr,n =   2 ∙ a
 _____ 1 + in
  

Eq. 7 dz,n = (2 ∙ a) - dr,n

The gearbox length is calculated by the summation of the widths 
and the number of the gear wheels (br,i respectively (z+1)), the bear-
ings (bl respectively Al) and detents (bsK respectively Bs), eq. 8.

On this basis, the calculation of the gearbox housing (diame-
ter d) takes place, for which a hollow cylinder with a constant 
thickness of 11 mm is assumed, eq. 9. Afterwards the determina-
tion of the component weights of the gear wheels and the gear 
shafts are conducted (e. g. for the pinions of the gears, eq. 10). ❼ determination of the drivingpower difference

❻ secondary weight 
reduction potentials  
in the rear structure 
(rear impact)
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Including other component weights (e. g. electronics, gear shift 
control etc.), the total weight of the torque converter is calculat-
ed under summation of the individual component weights.

Eq. 8 l =  ( (z+1 ) ∙ br,i )  + (AL ∙ bL) + (BS ∙ bSk)

Eq. 9 d = a + 0.5 ∙ dr,1 + 0.5 ∙ dz,1

Eq. 10 Gr,i = (dr,i
2 - dGEW,min

2) ∙   π __ 4   ∙ br,i ∙ ρStahl

For the dimensioning of the transfer gearbox, it is assumed for 
reasons of simplification that the differential is a gearbox with 
only one gear ratio. Against this background, the calculation of 
the differential weight takes place in accordance with eq. 3 to 
eq. 10.

To layout the drive shafts and the cardan shaft, the shafts and 
joints are regarded separately. With consideration of the ratios i1 and 
idiff as well as the torsion fatigue strength τb,W and the reliability fac-
tor sAW and sKW, the calculation of the shaft diameter depends on 
the amount of the driving torque to be transferred, eq. 11 and 
eq. 12. It is taken into account that the drive shaft is designed as 
solid shaft and the cardan shaft generally as hollow shaft with the 
thickness tKW. Therefore a value of 3 mm is accepted.

Eq. 11 dAW ≥ 3 
 
 √
___________________

    
16 ∙ SAW ∙ MAntr. ∙ i1 ∙ iDiff

  ___________________  π ∙ τb,W
    

Eq. 12 tKW ∙ dKW ≥   
2 ∙ SKW ∙ MAntr. ∙ i1

  ______________ π ∙ τb,W
  

The weight of the drive and cardan shaft is the result of the diam-
eter in combination with the respective lengths lAW and lKW, which 
depends on the vehicle package. It has to be considered that, 
based on real vehicle data, for the joints of the drive and cardan 
shafts, a total weight of 1.5 kg respectively 4 kg has to be added 
to eq. 13 and eq. 14.

Eq. 13 GAW = lAW ∙ π ∙  (   dAW
 ___ 2   ) 2 ∙ ρStahl 

Eq. 14 GKW = lKW ∙ π ∙  (  (   dKW
 ___ 2   ) 2 -  (   dKW

 ___ 2   - tKW )  )  ∙ ρStahl 

For the dimensioning of the engine, the engine speed converter, 
the cooling system, the fluids and the Aes, empirical relations for 
the component weight are defined depending on the driving torque 
by means of approx. 100 real vehicle specifications.

For the engine, there is a relation between the driving torque 
and the engine weight gAeW as shown in eq. 15. Thereby the as-
semblies, shown in ❽, are considered.

Eq. 15 GAEW = 0.2998 ∙ MAntr. + 59.24

➑ Weight distribution of the 
individual assemblies of the 
engine
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With regard to the engine speed converter, the assemblies flywheel 
(sr), clutch pressure plate (Kdp) and clutch disc (Ks) are con-
sidered. The component weight can be determined according to 
eq. 16 to eq. 18.

Eq. 16 GDZW,SR = 0.0309 ∙ MAntr. + 3.5157

Eq. 17 GDZW,KS = 0.001 ∙ MAntr. + 0.792

Eq. 18 GDZW,KDP = 0.0098 ∙ MAntr. + 1.8785

The dimensioning of the Aes depends on the resisting torque of 
the engine during the starting process and the number of auxilia-
ry consumers. Thereby, the starter battery weight increases almost 
linearly with the increasing driving torque respectively the engine 
weight, and increasing number of auxiliary consumers. For Otto 
and diesel engines, the weight of the starter battery can be em-
pirically determined according to eq. 19 and eq. 20.

Eq. 19 GZES,OM = 0.1298 ∙ GAEW + 1.2152

Eq. 20 GZES,DM = 0.0935 ∙ GAEW + 4.872

The weight of the cooling system gK, consisting of the assemblies 
cooler, cooling hoses above and below as well as fan and fan mo-
tor, the empirical relation between driving torque and weights is 
given by eq. 21. The weight of the fluids (engine oil (mÖ) and cool-
ing water (KW)) can be calculated according to eq. 22 and eq. 23.

Eq. 21 GK = 0.0177 ∙ MAntr. + 2.6902 

Eq. 22 GF,KW = 0.0171 ∙ MAntr. + 2.2155 

Eq. 23 GF,MÖ = 0.0092 ∙ MAntr. + 1.8953

The size of the drive energy storage is determined at defined range 
by the vehicle consumption. Thus, the calculation of the fuel con-
sumption is necessary in order to determine the size of the fuel 
tank. The Willans methodology [4] is chosen for the estimation of 
consumption. This assumes that the fuel consumption of a vehi-
cle can be divided into the parts zero-power consumption vnull and 
effective power consumption vpe, eq. 24.

Eq. 24 V = VNull + VPe

The zero-power consumption can be calculated using eq. 25. The 
constants av, bv and cv for Otto engines are 0.076, 0.17 and 0.2 
and for diesel engines 0.08, 0.075 and 0.1. vh represents the 
 engine capacity and vFzg the vehicle speed.

Eq. 25 VNull =  ( aV ∙   
vFzg

2

 ____ v1000 
2    + bV ∙   

vFzg
 ____ v1000
   + cV )  ∙ VH

The consumption share vpe can be calculated with eq. 26. For the 
constant coefficient zpe, a value of 0.264 l/kWh can be assumed 
for Otto engines and 0.208 l/kWh for diesel engines.

Eq. 26 VPe
 = zPe

 ∙ Pe

given that the fuel tank volume vKT,ref. is known, the range of the 
reference vehicle sref. can be calculated via the fuel consumption 
vref.and the average speed of the nedC ΔvnedC as shown in eq. 27. 
The fuel tank volume of the weight-reduced vehicle results accord-
ing to eq. 28. The weight of the fuel tank can be calculated with 
eq. 29.

Eq. 27 SRef. =   
VKT,Ref.

 _____ VRef.
   ∙ ∆vNEDC

Eq. 28 VKT,gew.red. =   
Vgew.red. ∙ SRef.

 __________ ∆vNEDC
  

Eq. 29 GKT = 2.1942 ∙ e0,0227 ∙ VKT

5 anaLysis of thE sEconDary WEight rEDUction  
of thE chassis

The dimensioning of the chassis (lateral dynamics, vertical 
 dynamics, subframe, braking system and steering system) 
 depends primarily on the gross vehicle weight. The gross vehi-
cle weight subsequently serves as input for the layout of the 
chassis components.

The lateral dynamics covers all components which are respon-
sible for the wheel guidance of the vehicle. The front axle 
(mcpherson) and the rear axle (control blade suspension) are 
regarded separately. Fe-simulations are performed for the anal-
ysis of the secondary weight reduction. On the basis of the 
simu lation results of the reference vehicle, all loads and stiff-
nesses are reduced by 10 %. subsequently, an adjustment of 
the sheet metal thicknesses takes place until the stress of the 
components of the reference vehicle correspond to those of the 
weight-reduced vehicle. ❾ shows that with a primary weight re-
duction of 100 kg, the weight of the front and rear axle can be 
reduced by 0.92 kg.

The vertical dynamics comprises the components spring and 
damper. In the following, wheel-guiding spring/damper systems 
(mcpherson struts) for the front axle (vA) and non-wheel-guiding 
systems for multi-link axles for the rear axle (hA) are regarded. de-
pending on the gross vehicle weight, based on the component 
weights of more than 100 real vehicles, the following empirical 
correlations are defined for the weight of the vertical dynamics, 
eq. 30 and eq. 31. The weight of the rear subframe gsF,hA is 
 determined according to eq. 32.
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Eq. 30 GVD,VA = 0.0031 ∙ GFzg.,zul. + 1.7258

Eq. 31 GVD,HA = 0.0045 ∙ GFzg.,zul. - 3.9097

Eq. 32 GSF,HA = 0.0113 ∙ GFzg.,zul. - 3.141

The starting point for the calculation of the breaking system is the 
definition of the braking distance s at 100 km/h and the resulting 
deceleration aBr, eq. 33. The braking distance is constant for the 
reference vehicle and the weight-reduced vehicle.

Eq. 33 aBr = 0.5 ∙   ∆v2 
 _____ s100km/h
  

Afterwards, the wheel loads of the front (Fr,Z,v) and rear axle (Fr,Z,h) 
are determined with the help of the mean deceleration and the ve-
hicle centre of gravity. l designates the wheel base, h the height 
of the centre of gravity as well as lh and lv the distance between 
the centre of gravity and the rear respectively the front axle, eq. 34 
and eq. 35.

Eq. 34 FR,Z,v =   
GFzg.,zul. ∙g ∙   

lh
 __ l   + GFzg.,zul. ∙ aBr,100km/h ∙   h __ l  

   _____________________________  2  

Eq. 35 FR,Z,h =   
GFzg.,zul. ∙g ∙   

lv
 __ l   + GFzg.,zul. ∙ aBr,100km/h ∙   h __ l  

   _____________________________  2  

Taking into account the coefficient of static friction of the street 
μstr, the maximum braking power at the front FBr,v and at the rear 
wheel FBr,h can be calculated using eq. 36 and eq. 37.

Eq. 36 FBr,v = μStr. ∙ FR,Z,v

Eq. 37 FBr,h = μStr. ∙ FR,Z,h

Assuming a known effective diameter of the break disc in the front 
dBr,s,v and in the rear dBr,s,h as well as a dynamic wheel radius rdyn 
of the reference vehicle, the braking power at the effective diam-
eter in the front FBr,s,v and in the rear FBr,s,v can be calculated as 
follows: 

Eq. 38 FBr,S,v = FBr,v ∙   
2 ∙ rdyn

 ______ DBr,S,v
  

Eq. 39 FBr,S,h = FBr,h ∙   
2 ∙ rdyn

 ______ DBr,S,h
  

❾ secondary weight 
reduction potentials of 
the assembly lateral 
 dynamics (chassis)
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In the following, it is assumed that the braking power at the effect 
diameter of the weight-reduced vehicle matches in the front and 
in the rear to the one of the reference vehicle. 

At a constant, dynamic wheel radius rdyn, the effective diameter 
of the brake disc in the front dBr,s,v,gew.red and in the rear dBr,s,h,gew.red 
is calculated at constant braking acceleration aBr and adapted 
wheel loads according to eq. 40 and eq. 41.

Eq. 40 DBr,S,v,gew.red. = FBr,v,gew.red. ∙   
2 ∙ rdyn

 ______ FBr,S,v
  

Eq. 41 DBr,S,v,gew.red. = FBr,v,gew.red. ∙   
2 ∙ rdyn

 ______ FBr,S,h
  

As shown in eq. 42 to eq. 45, the weight of the brake discs is de-
termined depending on the diameter by means of real vehicle data.

Eq. 42 GFW,Br,S,innenbel.,v = 0.5443 ∙ e0.0089 ∙ DBr,S,außen,v,i

Eq. 43 GFW,Br,S,massiv,v = 0.0554 ∙ DBr,S,außen,v,i - 9.7911

Eq. 44 GFW,Br,S,innenbel.,h = 0.0008 ∙ DBr,S,außen,h,i 
1.5745

Eq. 45 GFW,Br,S,massiv,h = 0.0238 ∙ DBr,S,außen,h,i - 2.0143 

According to eq. 46, the layout of the steering system takes place 
basing on an empirical correlation between the gross vehicle 
weight and the steering system weight for over 100 real vehicles.

Eq. 46 GLS = 0.006 ∙ GFzg.,zul. + 10.923 

6 aPPLication of thE systEMatic

For the vW golf v with an unloaded weight of 1390 kg, represent-
ed in ❿, a potential secondary weight reduction of 30.25 kg in the 

case of a primary weight reduction of 100 kg can be assumed. By 
taking into consideration the iteration loops, a maximum second-
ary weight reduction of 45.54 kg is possible.

Within the scope of a fuel consumption simulation, it is de-
termined that the fuel consumption can be lowered from 
5.87 l/100 km to 5.68 l/100 km by using primary measures. 
In consideration of the secondary weight reduction, a consump-
tion of 5.66 l/100 km is possible. Thus, the CO2 emissions can 
be lowered from 155.48 g/km to 150.6  g/km respectively 
149.99 g/km.

7 sUMMary

Within the scope of the FAT research project, a methodology was 
developed for the calculation of the secondary weight reduction. 
All components in the passenger car with secondary weight saving 
potentials were identified. Analytical as well as empirical correla-
tions between the component properties and the component 
weights of the vehicle areas body, chassis and drive train were com-
piled. Fe-simulations were performed to determine the weight re-
duction of the body and the front and rear axle. For the derivation 
of empirical formulas, real component weights of over 100 vehi-
cles were considered.

It turned out that with a primary weight reduction of 100 kg, a 
total of 30.25 kg can secondarily be saved. If iteration loops are 
taken into account, the secondary weight reduction reaches a 
maxi mum of 45.54 kg. The fuel consumption could be reduced 
by the primary and secondary weight reduction by 0.21 l/100 km 
and the CO2 emissions by 5.49 g/km.
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❿ secondary weight reduction potentials 
(VW golf V)
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