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ABSTRACT

In the coming years, car manufacturers will
continue to diversify their fleet into an ever larger
number of vehicle types. Cars will be developed
with a focus on new special market requirements,
responding to the customer’s individual needs.
Until now, at most 3-4 vehicles were derived from
1 backbone car (e.g. convertibles, coupes). In the
future, however, there will be many different types
of cars within a vehicle class (like the compact
class). BMW is developing new solutions to deal
with this increasing diversity. Each new derivative
will be based on a uniform vehicle architecture and
standardized construction Kits.

In order to have sufficient functional degrees of
freedom within this architecture, it is necessary to
take all planned derivatives into account. Among
other requirements, crash performance has a strong
influence on the limitations of diversity.

This paper describes a new virtual method to
optimize a frontal restraint system based on finite
element vehicle models.

On the basis of a limited number of finite element
simulations, response surface models were
developed to identify and visualize the functional
relationship between restraint system parameters
and dummy responses. With these surrogate or
meta-models, the optimization will be faster
compared to the standard development process.

INTRODUCTION

In recent years, safety requirements on the structure
and the restraint system of a vehicle have increased
due to legislation and the activities of advocacy
groups. This trend will continue. Adaptive restraint
control systems ensure an optimal performance in
different crash scenarios: the airbag pressure after
inflation may be chosen appropriately according to

the passenger’s size or the crash severity.
Optimizing a highly adaptive restraint system with
respect to all relevant load cases is already a
complex task for only one vehicle type. In the case
of an entire vehicle architecture, where the engineer
needs to consider many vehicle types
simultaneously, the developer will have to rely on
additional specialized tooling.

Until recently, restraint systems were developed
using rigid body simulation techniques. Now, full
Finite Element (FE) simulations have become the
state of art, providing better accuracy but also
higher computational costs. Therefore, due to
limited computational resources and the large
number of required simulation runs, direct
numerical optimization with these FE models is not
feasible.

This paper describes how to tackle this high-
dimensional and computationally  expensive
optimization problem. At first, the design space is
scanned systematically by means of a design of
experiment techniqgue (DOE). Using this data,
surrogate or meta-models (analytical nonlinear
functions which approximate the relation between
system parameters and dummy responses) are
generated with which solutions may be computed
very quickly. These substitute models are then used
to run numerical simulations and to visualize
complex functional relationships between system
parameters and dummy responses. This is
particularly valuable as it permits the user to relate
the solution to his engineering intuition.

The paper is structured as follows: first, the
essential mathematical methods and the basic idea
of meta-modeling will be introduced. This topic
includes beside the sampling method also the
modeling quality measurement and a model fitting
approach. The automated workflow at BMW will
be explained. Afterwards, the benefit of the method
will be illustrated by a practical example.
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METHOD

Figure 1 shows the principle concept of a surrogate
or meta-model. The FE models represent the
unknown transfer functions (Y(X)) between the
restraint system parameters (input vector X) and the
dummy injury responses (output vector Y). Starting
from a limited number of simulations, a surrogate
model for each dummy response is built and can be
used to predict various unknown design
configurations without computing any further time-
consuming FE runs.
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Figure 1: concept of meta-modeling

For each dummy response value j an independent
mathematical surrogate model will be fitted to the
sample points which were calculated using the FE
model. The parameters of the meta-model will be
chosen in such a way that the model error is
minimized. In order to obtain an adequate accuracy
for the surrogate model, a sufficient number of
support points is necessary.

Design of Experiments DoE

The method Design of Experiments (DOE) is a
systematic approach to get the maximum amount of
information out of limited number experiments, see
[5]. The available DOE methods can be classified
in two main categories: orthogonal designs and
random designs.

Orthogonal designs (e.g. full factorial) distribute
the support points such that they are statistically
independent. As a major disadvantage, the number
of required experiments grows exponentially with
the number of dimensions (number of input
parameters). An optimization of an adaptive
restraint system with approximately 10 parameters
would require 2'° or 3* simulations for a 2- or 3-
level full factorial, respectively.

Random designs are commonly used in crash
applications with a large number of parameters.
Random means that the parameter values will
chosen by a random process. The most common
method in crash applications is the so-called Latin
Hypercube Sampling, which is based on the plain
Monte Carlo method. A Latin Hypercube Sampling
is constructed as follows: Let n be the number of
designs that you are intend to simulate. Each
parameter dimension will be divided into n
equidistant levels. Within these subspaces, the
parameter values are chosen randomly. Each design
is a random permutation of design levels. This
ensures that each level is probed in the design [5].
Furthermore, the limited number of sample points
will be distributed over the design space in an
optimal way. Practical experience in optimization
of frontal restraint systems shows that 100 — 150
designs are typically enough to obtain predictable
meta-models.

Modeling

A separate FE Simulation is performed for each
design of the DOE (i.e. a particular set of restraint
system parameters). Each simulation takes
approximately 5-7h on a HPC Cluster with 12CPUs
(depending on the level of detail of the FE-Model).
The sample points and the computed results are
used to generate the approximation functions:
Y (X) > Y(X) @)
In technical literature there is a wide range of
approximation methods available. A commonly
used method is regression analysis. Usually, the
approximation function is a first or second order
polynomial which is fitted to the support points. In
case of smooth problems, the accuracy of the
surrogate model improves with increasing number
of support points. Depending on the order of the
used polynomials, it may be possible to fit the
approximation function exactly to all support
points. However, for noisy data (e.g. data from
crash analysis) there is a risk of overfitting. Figure
2 and 3 show the regression of a 2-D and 3-D
problem. In addition to standard regression
analysis, BMW uses also the following
approximation methods:

e Moving least square approximations

(advanced polynomial regression)

e Fuzzy models

e Support Vector Machines

e Neural Networks
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Further information about the mathematical
background is available in [2] and [3].
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Figure 2: HIC 15 Regression Analysis 2-D
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Figure 3: Regression Analysis 3-D

Figure 4 shows the problem of overfitting with
advanced polynomial regression (moving least
square).

Figure 4: moving least square with noisy data

Model Quality

The accuracy of the approximation function with
respect to the real problem has to be checked and
verified. Appropriate error measures are necessary
to assess the quality of fit. The most common value
is the so-called Coefficient of Determination R2 or
COD. The COD describes the ratio between the
variance of the model and the total variance of the
observed data:

Zn:()/i _yi)2
R?=1-42— @
Z(Yi _7)2

where Y, (1=1,...,n) represents the true output

values of the support points, yi the predicted
output values by the model approximation and
y the mean value of Y. If the variance between the

predicted data and the real data is very small
compared to the total variance of the sampling data,
R2 is close to 1, i.e., nearly 100% of the total
variance of the problem can be explained by the
meta-model.

Another measure is the mean squared error which
is closely related to R2:

1< N
MSE =HZ(yi — ) @3)
i=1

The root mean squared error is the square of MSE
and in the dimension of y:

&, .
RMSE = |- > (¥, =9’ (4)
i=1

The linear Correlation coefficient between the
observed output and the fitted model may also be
used:

> (5= 9)F -9)
Corr(y,y) = \/ = e ®)

> -9 Y- 9

i=1

Model Fitting

As described above, it is always possible to get a
perfect fit for a given set of values. In this case,
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each calculated support point by the meta-model is
equal the real physical value (Y, = §,Vi=1..n).

The error measures described would be 0 (MSE,
RMSE) or 1 (CORR, R?). A solution to this problem
is the so called cross validation method. The
principle idea is to estimate a model with a set of
training data and then check the prediction on
additional test or validation data. The error between
the results of the approximation model and the true
data will be used to optimize the model parameters
and to compare different modeling approaches.

The selection of the validation or test data set is
very important for the quality of the model. In our
first approach the DOE data was separated
randomly into training and test data. However, if
the test data is not representative, a model with
poor performance in the relevant region may be
chosen. A common approach to avoid this problem
is the use of cross validation: the data set will be
divided randomly into, say, 10 equally sized
subsets. In each loop j (j=1-10) the meta-model will
be calculated without subset number j. This subset j
is used as a test set. The 10 resulting error measures
will be averaged, thus providing a reliable estimate
of the model quality. In figure 5 on loop of cross
validation is shown.
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Figure 5: on step of cross-validation

Figure 6 shows the complete workflow of cross
validation to calculate the best model approach.
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Figure 6: concept of model fit

Post processing / Optimization

The first step in post processing should be a visual
check of the DOE data. This is necessary to find
numerical outliers and to check the plausibility of
the data. Therefore, the time history data for each
injury value is analyzed. With this, it is possible to
differentiate between numerical problems and
outliers due to physical effects such as bottoming
out of the head caused by low airbag pressure.
After a manual check of the DOE data an adequate
meta-model will be built in the previously
described manner for each required dummy output.

Two categories of post processing are available.
The first possible way is the optimization “by
hand”. This means that the main dummy outputs
(e.g. chest acceleration, HIC15, ...) will be plotted
in 2 or 3D response surface plots. These plots are 2
or 3D cuts in the multidimensional response
surface. If the number of relevant parameters is
small (e.g. 2 or 3), the user can find the optimum
by looking at the plots. Figure 7 illustrates this.
Both diagrams show the relationship between the
head acceleration (HIC15) and 2 restraint system
parameters (seatbelt: switch time adaptive load
limiter; airbag: power gas generator). In addition to
the seat belt and airbag generator, the HIC depends
also on the vent performance of the airbag. In the
diagram on the left side, the trigger time of the
adaptive airbag vent is very small (35ms). In the
diagram on the right side, the adaptive vent is
closed. As one can see, the smallest achievable
injury level of the head (which is represented by
the HIC 15) depends on the vent performance.
These plots are particularly valuable, as they permit
the engineer to visualize the potential of restraint
system components and to relate the solution to his
engineering intuition.
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Figure 7: visual post-processing with response
surface plots (e.g. HIC 15)

In case of parallel investigation of more than 1
vehicle it might be impossible to get an overview
over the complete optimization problem. Therefore,
it is possible to wuse standard numerical
optimization methods to find the optimum. A
common method is the Evolutionary Algorithm
(EA). The optimizer uses the surrogate models to
calculate individual parameter sets. Compared to a
complete FE run a design calculation on the
surrogate model takes only a few seconds. With
this, it is possible to run a numerical optimization
with multiple vehicles and load cases in an
acceptable time (< 1h).

This approach, however, is limited: The
optimization result is only as good as the prediction
quality of the meta-model. This implies that the
optimum is normally not better than the best DOE
design.  Therefore local optima of the
approximation functions will always be in regions
of DOE points. But nevertheless, the numerical
optimization helps the user to find very fast the best
solution with respect to additional constraints.
When an optimum is found the last step should
always be the recalculation of the parameter set by
an additional FE run.

Process Automation

To integrate the meta-model method into the
standard development process, it was necessary to
create specific software. The goal was to create a
tool which allows the user to optimize their
occupant models without requiring deeper
knowledge of the described mathematical methods.
The complete process workflow from the FE
simulation model to the resulting meta-model is
shown in figure 8. The user can control all steps
very easily by means of a specific Graphical User
Interface.

Visual | | Modeling
Postprocessing | TR Meta models
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Directory User Interface
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| AutomaticProblem [ | Sampling Job
Definition LHS Control
| Definition Input/Rgsponses Assembly
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of injury values)

*madify parameter bounds
=Activate/deactivate parameter

Figure 8: Workflow Process

The occupant simulation models have to be built in
a particular structure, which is shown in figure 9.
With this data management, we are able to
optimize the restraint system simultaneously for
multiple vehicle configurations of one architecture.

Project directory Basic data

e Input-
Level 1 v:h;;\e& Vehicle 1 Vehicle 2
Parameterdefinition parameter
Level 2: Load case definition Load case Load case Load case Luad. case
1 2 1 2
Level 3: Simulation models per Input deck Output-

load case/ output definition parameter

Figure 9: Project structure
EXAMPLE

The following example shows the practical benefit
of wusing the meta-model technique in the
development process of a restraint system for 2
different vehicles (driver side only). Three main
load cases from FMVSS208 were investigated
simultaneously:

e 35mph Hybrid-111 50% (AM50) belted,
rigid barrier 0°

e 35mph Hybrid-1ll 5% (AFO05) belted,
rigid barrier 0°

e 25 mph Hybrid-111 50% (AM50) unbelted,
rigid barrier 0°

The differences in the vehicle geometry are shown
in figure 11. Derivate 1 (red) contains a classical
sedan seating position with a flat steering column.
The second vehicle (black) is a small SUV with a
higher seating position (command position) and a
larger angle of the steering column. Both vehicles
have different crash pulses.

In Table 1, the considered restraint system
parameters are shown and classified. Some
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parameters like the airbag generator power are
equal for both vehicles in all load cases. Other
parameters can be chosen independently for each
load case.
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Figure 10: test condition system optimization

Figure 11: geometrical range in derivates

Table 1: overview system parameter

Vehicle 1 /2 driver side

HIII AM50 HITI AMS50 HIII AF03

Restraint System paraimeter 35mph 25mph 35mph
belted unbelted belted
Driver aithbag X X X
generator power
Pl wer aitbag X X X
Vent size
*Driver awbag
N . . X X

switch time adaptive vent
.

}meebag X X X
Generator power

*Seatbelt load limiter X X
Load level 1

*Seatbelt load limiter M X
Load level 2

**Seatbelt load limiter X X
switch time load level

*ESteering column
Force level crash deformation X X X

element

*) parameter equal for all vehicles (standard construction kity

**) independent parameter adjustable for load case or vehicle

Data base

The results of this study are based on validated
occupant crash simulation models of both cars. As
an example, one of which is shown in figure 12.

Figure 12: CAE model driver side

The evaluation of the simulation models includes
the common injury values of the Hybrid 111 dummy
which are specified in the FMVSS208. Therefore,
every configuration has at least 11 injury values
from different dummy regions (head, neck, chest,
femur). In addition to the legal injury values, also
the US-NCAP limits were considered for the
optimization.

The resulting DOE table contains 11-15 dummy
responses and 5-8 system parameters per load case.
Therefore, approximately 85 meta-models were
built. A DOE with 120 designs (6 load cases per
design = 720 FE simulations) was automatically
calculated on a HPC crash cluster.

Results

To reduce the complexity of the optimization
problem, the range of response values of the DOE
was checked and compared to the legal limits. As
an example, figure 13 illustrates the results for one
load case of vehicle 1. In this load case (AF05
35mph belted), 6 injury measures were close to the
allowed limits. The most critical quantity is the
chest acceleration which is in some configurations
higher than the critical value (i.e. >80% of the legal
limit). For this output, the meta-model was checked
in more detail. In addition to the trigger time of the
adaptive load limiter (when the force level is
switched from high to low), the acceleration
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depends also on the generator power of the driver
airbag. All other system parameters have no
significant influence on the acceleration level.
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Figure 13: most critical injury values vehicle 1
Hybrid-111 AF05 35mph belted

Figure 14 shows the relationship between the chest
acceleration and the 2 relevant system parameters.
The blue and light green area of the response
surface represents the feasible area where any
choice of parameters will yield a subcritical
response. Note that the generator power of the
driver airbag will affect several load cases,
however, the trigger time only this one. Therefore,
the choice of generator power has to take all load
cases into account.

scale gas generator
driverbag
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0.8
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]
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switch time load limiter

Figure 14: relationship  between chest
acceleration, driver airbag and adaptive seatbelt
load limiter for AF05 35mph belted in Vehicle 1

To identify the most cross-linked restraint system
parameters (i.e. having relevant influence on
several load cases), all meta-models for the critical
quantities were checked step by step. The
conclusion is shown in table 2. The airbag
generator has a strong influence on the chest
acceleration in all load cases considered, and,
additionally, on the HIC15 in the AM50 belted
configuration. The influence of input parameters on

the various load cases is shown in figure 15,
illustrating the level of interdependency.

Table 2: relevant restraint system parameter
for most critical injury values

Hybrid LIl AF0S Hybrid IIT AMS0 Hybrid III. AME0

35mph belted 35mph belted 25mphunbelted
hest chest (v chest chest
Restraint System parameter accel accel accel HIC
defl. force
3ms 3ms 3ms
*Dyiv
Driver aitbag - i i - .
generator power
*Driver airba
Driver airbag o
Vent size
HDyive b
Driver airbag ++
switch time adaptive vent
e
"Kuechag + +++ +
Generator power
*Seatbelt load limiter +
Load level 1
*Seatbelt load limiter
Load level 2
s, .
Seatbelt load lmiter 4 4+ 4 4+

switch time load level

HSteening column
Force level cragh deformation
element

*) parameter equal for all vehicles (standard
construction kity

++) independent parameter adjustable for load case or
wvehicle

scale gas generator
Kkneebag
09

chest acceleration a3ms

0.75 0.75 L e
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095 X et Scal N
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chestacceleration a3ms

switch time load limiter
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scale gas generator
driverbag

HC1s
switch time load limiter

11 10 09 08 07
scale gas generator
driverbag

Figure 15: relationship from generator power
driverbag to chest acceleration (AM50 unbelted
top; AMS50 belted middle) and HIC 15 (AM50
belted bottom)

The response surface of the other relevant load
cases shows that the chosen gas generator power
must not be too low. Especially for the HIC15 the
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meta-model shows a risk for bottoming out of the
head in combination with an early switch time of
the adaptive seatbelt load limiter. Therefore a
compromise for the choice of the generator power
iS necessary.

In addition to the manual optimization of the
restraint system a numerical optimization of the
meta-models was performed. The objective was
minimizing the probability of injury according to
the US-NCAP rating:

Pjoint =1- (l_ IDhead )(1_ Pneck)(l_ Pchest)(l_ Pfemur)

The injury risk values were calculated with the
functions shown in Table 3:

Table 3: injury risk curves for frontal impact
AMS50 [4]

Tnjury Criteria T Risk Carve

PM(AIS3+)=®[M]

0.73998
where ® = cumulative normal distribution

1
56-1.568* ChestDef) 4612
1 4 £ 0-5456-1.568*(ChestDefl)

Fonest_aen(AIS3+) =

1

5.795-0.5196 Femur _ Force

Femur
(force in kN) P(AIS 2+) =
l+e

1
Neck Peck Nij(AIS34) = ——e———
on in necty, | +¢32269-1.9688Nij

kN) 1
Preck_tens (AIS34) = g5 3 TS Neck Temion’

1
Pueck_Comp (AIS3+) = 1+ ¢109745-2.375 Neck _Compression

Preck = max imum(Pueck Nij» Preck _Tens » Preck _Comp)

To find a solution which also fulfills the legal
limits of the FMVS208, additional constraints were
considered. Based on the meta-models, a numerical
optimization with an evolutionary algorithm
method (EA) was carried out. With 5000 runs (100
generations, population size 50) of the meta-models
(total calculation time < 15min on a Linux
workstation) the best value for the relative risk
score was found. With the indentified parameter
combination, all considered constraints derived
from FMVSS208 (chest acceleration, HIC, etc)
were satisfied. The convergence curve of the
optimizer is shown in figure 16.

After the optimization an additional FE run was
done with the indentified parameter configuration.
The differences between the predictions of the
meta-models and the true FE values are illustrated
in Table 4. As one can see the predicted probability
values were nearly the true values calculated by the
FE simulation. A slightly higher delta is observed

for the femur probability. The reason for that is a
very low level of the femur forces caused by the
use of a knee airbag. But the influence of this delta
on the total probability is very small.

115%

110%

105%

objective function

100%

95%

0 1000 2000 3000 4000 5000
number of calculations
Figure 16: convergence of the objective function
(probability of injury)

Table 4: optimization result with meta-models
and comparison to FE-simulation

FE silmﬁalion to gi::lll:lt) utionto
meta-model
Probability of injury +7% -
Probability ofhead +39% 2%
Probability ofneck +1% 45%
Probability of chest +13% 46%
Probability of femur +30% 7%

CONCLUSIONS

The described meta-model approach is very useful
for optimizing restraint systems. Especially in the
simultaneous optimization of more than 1 vehicle,
the method helps to identify the important
relationships. The influences of relevant system
parameters (e.g. airbag performance) can be
checked visually in different load cases. Thus, the
method enables the user to find the best
compromise satisfying all legal requirements and
those of consumer tests.

Additionally, the method presented requires
significantly less work than the standard
development method without applying DOEs,
meta-models and visualization tools (pre-/post-
processing of FE-simulations).
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ABSTRACT

An electric vehicle (EV) is promising as clean energy
powered vehicle, due to increased interest in fuel
economy and environment in recent years. However,
it requires to meet unique safety performance such as
electric safety and cabin deformation although mass
increase of the high-voltage battery compared with
the fuel tank.

Nissan has developed a new electric vehicle which
achieves electric safety and occupant protection
performance in addition to maintaining enough
cruising distance and cabin space. This was achieved
by the development of an all-new platform for
electric vehicles.

The electric safety was enhanced by the protection of
high-voltage components based on consideration of
component layout and body structure, high-voltage
shutdown by impact sensing system and prevention
of short circuit by fuse in the battery. As an example
of the protection of high-voltage components, the
battery which locates under the floor was protected
by elaborative packaging and multi-layer protection
structure.

In addition, the same cabin deformation as the
internal-combustion engine vehicle similar in size
in frontal crash was achieved by developing an

efficient layout and structure for the motor
compartment.
INTRODUCTION

The concern in oil price rising and global warming is
rising in recent years, and manufacturers are expected
to improve fuel efficiency and reduce carbon dioxide
emission [1]. Therefore, development of vehicles
such as HEV (Hybrid Electric Vehicle), PHEV
(Plug-in Hybrid Electric Vehicle), EV (Electric
Vehicle) and FCV (Fuel cell vehicle) has become
more active as new technology for energy efficiency
and environment. EV is remarkably considered as
one of the promising future energy vehicle because of
great reduction in carbon dioxide emission.

In general, high-voltage components such as the
battery and the motor are equipped on EV instead of
a fuel tank and an engine on internal-combustion
engine (ICE) wvehicles. Therefore, new safety
performance must be considered in addition to safety
performance of the existing vehicles.

STRUCTRURE FOR

CRASH SAFETY OF THE NEWLY

First is to ensure electric safety to prevent an electric
shock in the crash accident due to high-voltage
components. Upgrade of electric safety standards for
electric powered vehicles are accelerated globally
due to the sales grow of them which include EV (See
Table 1) [2],[3],[4,[5]. Car manufactures are expected
to develop new technology to address this situation.

Table 1.
Global electric safety standards

Electric Safety
Prevention of electric shock

Normal use | Post crash
Japan Technical standards| Technical standards
Attachment101,110] Attachment111
EUR ECE R100 ECE R12,R94, R95
USA - FMVSS305

Second is to control the cabin deformation and the
body deceleration for occupant protection in the
frontal impact. It is often necessary to mount a
battery which is heavier than a fuel tank of ICE
vehicle to secure enough cruising distance. Therefore,
the energy absorption by body structures during the
crash increases due to the increased mass of the
battery. Namely, additional energy absorption is
required to achieve the same cabin deformation as
ICE vehicles.

Nissan’s new EV which is five-seater passenger car
was developed by considering the items above with
enough cruising distance and cabin space with an
all-new platform for the EV.

In this paper, an approach of electric safety
performance and occupant protection performance of
the newly developed EV in the crash are explained.

OUTLINE OF THE NEWLY DEVELOPED EV
SYSTEM AND COMPONENT PARTS

In this chapter, outline of the high-voltage system is
introduced.

High-voltage system and components of the EV are
shown in Figure 1. Firstly, DC flows from the battery
to the inverter. Then it converts DC to AC, and
finally AC is supplied to the motor and it rotates.
Following is an outline and function of the
high-voltage system and its components.
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*High-voltage battery

The high-voltage battery supplies the electric power
to the drive system and auxiliary system. It stores the
electric power when charging and regeneration
during deceleration. The nominal voltage is 360 V.

*Inverter

The inverter converts battery DC into three-phase AC
to supply to the motor. It controls input/output torque
of the motor.

*Motor

The motor generates the driving force using the
electric power of the battery. It generates braking
force during deceleration and regenerates the electric
power to transmit to the battery.

* Charger

The charger converts AC electric power from a
commercial power source into DC electric power to
supply to the battery.

*DC/DC converter
The DC/DC converter reduces the high voltage from
the battery to supply the electric power to 12 V loads.

*Vehicle control module (VCM)

The VCM is a unit which controls vehicle
integration.

*Service disconnect switch (SDSW)

The SDSW is a switch which cuts off the

high-voltage circuit for safety work at the time of
maintenance or rescue.

Charger

SDSW
DC/DC
Converte VCM

Inverter

High-voltage
Battery

Figure 1. High-voltage system and components of
the newly developed EV.

CONCEPT OF ELECTRIC SAFETY

This chapter describes concept of electric safety. The
concept consists of two types of protections which
are against direct and indirect contact to avoid
electric shock [6].

Protection against direct contact

The first concept of protection is against direct
contact. Purpose is to protect human from electric
shock by not to be able to touch the high-voltage
cable directly. One example is covering the
components by layers or isolating by structure.

In case of covering by conductive body, energizing
components have to be insulated from electric
conductor.

Protection against indirect contact

The other protection is against indirect contact. This
structure is to avoid electric shock by ensuring
equipotential between high-voltage components and
a vehicle body in case of the direct contact protection
failure. One example is to connect between each
high-voltage components and the vehicle body by
bonding wire or earth it.

It is important to secure both the direct and the
indirect protection during and after the crash for EV.

ELECTRIC SAFETY DESIGN OF THE EV

In this chapter, details of the protection against direct
contact in the crash are explained.

The details consist of two parts. One is about EV
packaging and the other is about protection structure
of high-voltage components.

EV packaging

Firstly, high-voltage components of the EV are
placed outside of the passenger compartment (See
Figure 2) and inside of framework structures such as
side members and body sills. In other words, it
protects from electric shock in the crash by
preventing direct contact to the high-voltage
components. Additionally the components are
protected by the structures.

Inverter

DC/DC
Converte

High-voltage
Battery

Motor

Figure 2. EV packaging.
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Multiple protections of high-voltage components

Secondly, multiple protection system is applied to
high-voltage components outside of the passenger
compartment. In particular, electric shock due to
direct contact between occupants and high-voltage
components is prevented by the following.

1) Component layout and body structure.

2) High voltage shutdown device with sensing
system.

3) Fuse in the battery pack.

Example for 1) and 2) are explained.
The high-voltage battery protection The

battery is protected by consideration of layout and
multi-layer protection structure in the EV.

a) Layout

The battery was placed under front and rear seats
outside of the cabin by considering floor shape.
Namely, the location is farther away from common
front and rear crash impact zones, so the battery is
protected by the zone body structure as shown in
Figure 3.

High-strength Cabin

Impact-absorbing Body

Figure 3. High-voltage battery layout.
b) Multi-layer protection structure

In addition to the considered layout, the battery was
protected by multi-layer protection structure (See
Figure 4).

In side impact, using not only the body sill but also
fore-aft member as load path enabled the high energy
absorption by small crushable space (See Figure
5-(a)).

Also, structure of floor cross members was studied
for battery protection. In case of ICE wvehicles,
impact energy is often absorbed by floor cross
members which is fixed to the body sills in side
impact. However, the battery may be deformed by the
force from the body sills to floor cross members
when it is mounted between the body sills.
Therefore, floor cross members were separated from
the body sills in the EV as shown in Figure 5-(b). In
the result, this design reduced the amount of force
transferred through the floor and floor cross members
to the battery during side impact.

The 2nd Protection Structure

The 1st :Fore-aft members and floor
Protection cross members

Structure

:Body sills

The 3rd Protection Structure

:High-strength battery frame
Figure 4. Multi-layer protection structure for the
high-voltage battery.

Floor cross

member Floor  Body sill

Fore-aft member

(a) Load path
<—RH

Cross-sectional view A-B

Figure 5. Body structures for the high-voltage
battery protection in side impact.

¢) Vehicle crash test configuration for evaluation of
high-voltage battery protection and the results

Vehicle crash test with various modes of collisions
designed to mimic real-world crashes were conducted
for evaluation of high-voltage component protection
including the battery (See Figure 6).

Photographs of batteries after each vehicle crash tests
are shown in Figure 7. The battery frame was not
deformed. The electric isolation between body and
high-voltage system remained intact. Figure 8 shows
force-deformation curve of the EV and the ICE
vehicle similar in size in side impact pole test. The
body deformation was reduced by control of the body
reaction force.
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Figure 6. Vehicle crash test configuration for
evaluation of high-voltage component protection.

L — -

(a) 64 km/h left-side frontal offset deformable
barrier test (bottom view)

S m e
(b) 32 km/h left side impact pole test (bottom
view)

(c) 80 km/h right-side rear moving deformable
barrier test (bottom view)

Figure 7. Photographs of high-voltage batteries
after vehicle crash tests.

The newly
developed EV

The ICE vehicle
similar in size

Body reaction force

Body deformation

Figure 8. Comparison of force-deformation curve
in side impact pole test.

High voltage shutdown system In addition to
protection against direct contact explained in the

previous section, electric shock prevention after the
crash performs even better by adopting shutdown
system.

The high voltage shutdown system is described by
the block diagram shown in Figure 9. Firstly, an
airbag control unit (ACU) detects frontal, side or rear
impact using airbag sensors. Secondly, ACU send
signal to VCM which controls electric system.
Finally, VCM judges to shutdown the relay in the
battery.

Airbag Signal Signal
Sensors ACU > VCM
e A_/_/ Shutdown
h .
|
1
Inverter

High-voltage battery

Figure 9. The block diagram of high voltage
shutdown system.

OCCUPANT PROTECTION PERFORMANCE
OF THE EV

This chapter describes the idea about occupant
protection performance of the EV. At first, the unique
consideration about occupant protection performance
of the EV is explained. Secondly, details of the idea
are described below.
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The wunique consideration about
protection performance of the EV

occupant

Curb weight of the EV increases from the ICE
vehicle similar in size due to mass increase of the
battery compared with the fuel tank as shown in
Figure 10. Furthermore the additional mass is added
to the floor. Therefore, the additional energy
absorption by the body is required to achieve the
same cabin deformation as the ICE vehicle in frontal
impact.

In general, there are two ways to increase the energy
absorption by the body. One is to reinforce the body
to reduce the body deformation. The body
deformation consists of deformation of the motor
compartment and the cabin. The other is to increase
crushable space of the motor compartment and the
motor compartment deformation. However, there is a
limit to increase the space because of some reasons
such as vehicle size.

On the other hand, it is an advantage for occupant
protection performance to increase the motor
compartment deformation in frontal impact. Kinetic
energy of an occupant is absorbed by the body
deformation and restraint system which includes
seatbelts and airbags etc. in frontal impact. As a
consequence, larger energy absorption by the body
deformation means smaller absorption by restraint
system. That is an advantage for occupant protection
performance since it is flexible to design restraint
system.

For these reasons, it is an advantage to increase
deformation of the motor compartment in occupant
protection performance point of view in frontal
impact.

1.6
= | Fuel tank High-voltage
oy 1.4 b
‘o mass attery mass
212 |
2 \ I
= L J
o
S 08
N
= 06
=
5 04
Z
02
0
The ICE vehicle The newly
similar in size developed EV

Figure 10. Comparison of vehicle curb weight.

Details of the idea to increase energy absorption of
the motor compartment in frontal impact

Efficient crushable motor compartment structure was
studied to increase the motor compartment
deformation and reduce the cabin deformation in
frontal impact. In particular, two detail ideas are
explained below. One is to increase crushable length

of front side members. The other is to increase
crushable space of the motor compartment.

Study of crushable length of front side
members At first, additional energy absorption in
frontal impact was considered by mounting the motor
on the front suspension member.

A power source is generally mounted on front side
members by mounting brackets in the ICE vehicle of
a front-engine/front-drive configuration (See Figure
11). One of the reasons is NVH (Noise, Vibration and
Harshness) performance. The mount brackets may
prevent the front side members from crushing. As a
result, the energy absorption by the front side
members may decrease.

On the other hand, the motor of the EV can be
mounted on front suspension member due to the
different frequency character from an ICE vehicle
(See Figure 12). That resulted in increasing crushable
length of front side members.

Engine and

Transmission . u Mount brackets

Figure 11. Mounting system of the engine in ICE
vehicle.

Mount brackets

/ Front Suspension
member

Figure 12. Mounting system of the EV motor.

Study of motor compartment crushable
space In addition, crushable space of motor
compartment was increased by the optimization of
motor compartment layout, considering dynamic
behavior of DC/DC converter.

As shown in Figure 13-(a), DC/DC converter is
mounted on an inverter member which is fixed with
front side members. By controlling the fracture
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between front side members and inverter members,
DC/DC converter could rotate during the crash and
resulted in motor compartment crushable space
increase (See Figure 13-(b)).

DC/DC
Converter

Inverter

Front Side
members

(a) Mounting system of DC/DC converter on the
body

Uncrushable space
Initial |
1
1

|
: During the crash
ﬁ—bt} Increase

1
1
1
Front side L

member Dash

/

Y

DC/DC Converter
Initial
+ During the crash

Motor
—FR
Side View

Rotation

(b) Dynamic behavior of DC/DC converter

Figure 13. Optimization of motor compartment
layout.

The body characteristic of the EV in
frontal vehicle crash tests In these ways, the EV
achieved the same cabin deformation as the ICE
vehicle in frontal impact. Cabin deformation of the
EV and the ICE vehicle in vehicle frontal crash tests
is described in Figure 14. The motor compartment
deformation of the EV increases by about thirty
percent from the ICE vehicle and the cabin
deformation of the EV is the same as the ICE vehicle.
Also, energy absorption by the body deformation in
kinetic energy of an occupant was compared between
the EV and the ICE vehicle. Ratio of energy
absorption by the body deformation to kinetic energy
of an occupant was calculated by the method as
shown in Figure 15. The ratio for the case of
driver-side HybridIll dummy in 56 km/h full-lap
frontal test is shown in Figure 16. Energy absorption
by the body deformation in the EV was increased by
about twenty percent compared to the ICE vehicle
similar in size.

1 Motor compartment deformation
1 Cabin deformation

1.6
14
1.2

0.8
0.6

0.2

Normalized body deformation

The newly
developed EV

The ICE vehicle
similar in size

Figure 14. Body deformation of the EV and the
ICE vehicle in 64km/h offset deformable barrier
frontal test.

A B

Chest deceleration

Chest displacement with
respect to the vehicle

Chest deceleration

Chest displacement
with respect to ground

Ratio of energy absorption by the body deformation
to occupant kinetic energy = (A-B) / A

Area A: Occupant kinetic energy
Area B: Energy except energy absorption
by the body deformation

Figure 15. Calculation method of ratio of energy

absorption by body structures to occupant Kinetic
energy in frontal impact.

100

(e}
(=
T

(=)
(=)
T

o
S
T

[y}
(=)
T

The ratio of energy absorption by
body deformation to kinetic energy [%]

The newly
developed EV

Figure 16. Comparison of the ratio of energy
absorption by body deformation to kinetic energy
for the case of driver-side HybridIll dummy in
56km/h full-lap frontal test.

The ICE vehicle
similar in size
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CONCLUSIONS

In this paper, electric safety and occupant protection
performance of the newly developed EV was
explained and the following points were shown,

It was shown that 1) layout and body structure
offers protection of the high-voltage components; 2)
high voltage shutdown is achieved by the impact
sensing system; 3) electric shock is prevented by
fuses which prevent short circuits.

* As an example of high-voltage components
protection, multi-layer protection structure was
presented. Vehicle crash tests were conducted and the
protection of the battery was confirmed.

+Cabin deformation of the EV in frontal impact was
the same as the ICE vehicle similar in size even with
mass increase of the battery compared with the fuel
tank. This was achieved by optimization of efficient
motor compartment structure and layout.

Areas of future study are as follows.

*In order to achieve longer cruising distance, it is
important to further reduce the total mass without
compromising the electrical system safety and
occupant protection performance.
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ABSTRACT

The introduction of environment perception sensors
into the automotive world enables further improve-
ment of the already highly optimized passive safety
systems. Such sensors facilitate the development of
safety applications that can act in a context sen-
sitive manner concerning the protection of vehicle
occupants. Hereby the quality of the provided in-
formation is decisive for the usability and effective
range of such sensors within integrated safety sys-
tems. In this paper noise effects in sensors and their
implications on the prediction of collision parame-
ters are analyzed. The focus lies on sensors that
can measure distances but not velocities or acceler-
ations of the objects surrounding the car. For such
sensors a noise model is presented as well as a track-
ing algorithm aiming to estimate the velocities and
to compensate the effects of noise. This information
is used by a trajectory-based algorithm to predict
relevant collision parameters like time-to-collision,
relative velocity at collision time etc. Monte Carlo
simulations show the influence of noise on the ac-
curacy of the predicted collision parameters. The
described model-based study allows the systematic
deduction of sensor requirements and represents a
new way for the evaluation of the robustness of pre-
dictive passive safety systems.

INTRODUCTION

Modern cars provide a high level of safety due
to the optimization of bodywork, seat-belts or
airbags in the last decades. Conventional pas-
sive safety applications for the activation of oc-
cupant restraint systems work on established sen-
sor concepts, e.g., acceleration and pressure sen-
sors, and have already reached a high level of adap-
tivity and robustness. The introduction of envi-
ronment perception sensors leads to a further im-
provement of security, since safety systems can be
developed that act in a context sensitive man-
ner [1, 2, 3, 4]. First applications like the proac-
tive reversible belt-tensioner can already be found
in new cars, e. g., in the Audi A7 [5], and the adap-

tation of airbags and other passive safety systems
to the specific crash situation are in the focus of
current development. Future cars will combine all
available information—including those gained by
Car-to-X (http://www.simTD.de, http://www.car-
to-car.org) technologies—concerning the environ-
ment to increase the effectiveness of vehicle safety
in an integral sense.

The number of sensors that are and will be in-
tegrated in new vehicles is increasing since appli-
cations have various requirements concerning the
range, aperture, sensitivity or other properties.
Typical applications using such sensors are mainly
located in the field of advanced driver assistance
systems like automatic cruise control, lane assist,
heading control, etc. In the vehicle safety domain
requirements on such sensors are high, i.e., a very
small false positive rate and a very high true pos-
itive rate in the detection of objects in the envi-
ronment of the car. Not only the detection of an
object’s existence is of high interest but also its
exact location, velocity and geometry. Such pre-
crash information allows the estimation of collision
parameters before a collision occurs. This infor-
mation can be used to optimize the activation of
adaptive restraint systems. However, the pre-crash-
prediction of the collision parameters is subject to
a couple of disturbance effects, e.g., inexact mea-
surements as well as time delays caused by tracking
algorithms or the communication between different
electronic control units. These factors can affect

Nno sensor noise
small noise power {m
.‘—l \ L
large noise power @

Figure 1. Effects of sensor noise on the col-
lision prediction
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the required precision of predictive crash severity
estimations and therefore the effectiveness of inte-
grated safety systems. The example from Figure 1
illustrates that a large noise power of the predic-
tive sensor can lead to a wrong prediction of how a
scenario will develop in the future. Assuming that
the dynamic parameters like velocities or accelera-
tions do not change during the prediction interval
a small noise power disturbs the prediction mar-
ginally, whereas a large noise power can lead to a
completely wrong estimation of the scenario. The
first illustration in Figure 1 shows a prediction with
no measurement noise, the second illustration the
same scenario but under the assumption that small
noise power disturbs the measurement and the third
illustration the same scenario but under the as-
sumption that a large noise power disturbs the mea-
surement. Therefore, it is necessary to quantify the
effect of noise on predictions that are used to adapt
restraint systems by taking into account the whole
signal processing chain. This paper focuses on such
a model of disturbance effects and their influence
on the computation of relevant collision parameters
like the time-to-collision, the relative velocity at col-
lision time, the collision angle and further geometric
parameters. On the one hand the noise caused by
sensors describing the state of the ego vehicle and
on the other hand the noise caused by predictive
sensors detecting the vehicle environment are con-
sidered. Whereas a stationary white noise Gaussian
random process is assumed for the noise disturb-
ing the ego-state, for the predictive sensor a more
sophisticated model is applied. The focus lies on
sensors able to measure the position and geometry
of objects but not their velocity and acceleration.
The velocity must be estimated based on position
changes which is accomplished here using a Kalman
filter. Thus, the noise process describing the in-
accuracy of the position measurement determines
the noise process for the velocity. The model for
position inaccuracies takes into account a distance
based noise power. On the basis of such a noise
model Monte Carlo simulations are performed for
four predictive sensor variants to analyze the ef-
fects on the computed collision parameters. The
four sensor variants were chosen to represent sen-
sors with different performances.

The chapter “MEASUREMENT DATA” intro-
duces the relative dynamics model and the sensor
noise model that are used in the Monte Carlo sim-
ulations later on. Chapter “COLLISISION PRE-
DICTION ALGORITHM?” focuses on the tracking
model and on the trajectory-based prediction mod-
ule used to calculate the collision parameters. In
Chapter “MONTE CARLO SIMULATION” three
traffic scenarios are analyzed in detail and the ef-

fects of noisy measurements are presented. The
general outline of the paper is illustrated in Fig-
ure 2.

collision scenario

relative sensor
dynamics model signal model
ego dynamics ideal ego sensor E> discrete ego
simulation signal simulation sensor noise addition

ideal predictive sensor
signal simulation

discrete predictive
sensor noise addition

2

simulation

‘ object dynamics |

reference reference noisy
collision data sensor data sensor data

M { ideal ego

i noisy ego
i sensor data

sensor data

sensor data

i sensordata |

collision prediction algorithm

object tracking I

calculation of
collision parameters

v Monte Carlo
comparison at simulation
reference time stamps T R
P N { predicted collision
parameters

actual collision
parameters

Figure 2. Outline of the paper

Throughout the paper vectors and matrices are de-
noted by lower and upper case bold letters. A
M x N zero matrix is dented by Oprx -

MEASUREMENT DATA

In this chapter the model-based generation process
of noisy measurements as input data for a collision
prediction algorithm is described. Firstly the two-
dimensional relative dynamics model used for the
simulation of ideal sensor data concerning the ego
vehicle and an ego-mounted predictive sensor mea-
suring relative position data is explained. After-
wards the application of sensor noise to the simu-
lated exact reference data is depicted.

Relative dynamics model

For the motion simulation of the ego and opponent
vehicle in specific collision scenarios a nonlinear sin-
gle track model with a Pacejka tire force approach
as described in [6] was applied (see Figure 3). This
model offers a good two-dimensional description of
the global vehicle movement in stationary as well
as dynamic driving scenarios disregarding effects of
pitch and roll. As only the global vehicle trajec-
tory over ground and not the exact knowledge of
internal system state variables such as wheel rota-
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tion speeds or forces was of interest the model was
regarded as sufficient for this study. In the follow-
ing, as shown in Figure 3 the capital letters X and
Y denote an earth-bound coordinate system, the
lower case letters = and y a vehicle-bound coordi-
nate system that is rotated with the yaw angle ¢
with respect to the X-axis, and the lower case let-
ters x, and ¥, a vehicle-bound coordinate system
that is rotated with the slip angle 8 with respect to
the z-axis. Vectors with the subscripts XY, zy or
ZyYy represent values in the corresponding coordi-
nate systems.

e&

Figure 3. Relative dynamics simulation
based on a nonlinear single track model

In the relative dynamics simulation environment
the flat projection of each vehicle body was re-
garded as rectangular and symmetric to the lon-
gitudinal axis of the single track model. The basic
single track model equations are summarized in the
following. The tire slip angles ay and o, at the
front (subscript f) and rear (subscript r) wheel are
given by the subsequent kinematic relations con-
taining the frontal steering angle ¢, the yaw rate
1/}, the velocity v, the vehicle slip angle 8 and the
center of mass distances [y from the frontal and I,
from the rear end of the vehicle [7]:

v - cos f3

a, = arctan (Wusmﬁ) . (2)

v - cos 3

o) = b;  arctan <lf¢+vsm5> Q)

The vehicle center of mass acceleration a;,, and
ajqt in longitudinal (z,) and lateral (y,) trajectory
direction can be calculated on the basis of the prin-
ciple of linear momentum as a function of 6¢, 3, the
vehicle mass m as well as the tangential and side

tire forces F; and F, at the front and rear tire:

a— Qlon _ U .
Qlat Loy Yv v (1/} + ﬂ) ZToYov

% - (Fyy - cos B+ Fyy - cos(df — B)
+F -sin 8 — Fip - sin(65 — f3))

| | | - ®
L. (_Ftr ~smﬁ+th ~Sln((5f _ﬁ)

+F,, - cos B+ Fyp - cos(df — 3))

m

ToYuv

The vehicle yaw acceleration v results from the
principle of conservation of angular momentum de-
pending on the mass moment of inertia I, around
the vehicle z-axis (in a right-hand coordinate sys-
tem with the origin in the vehicle center of mass P
and the x- and y-axis according to Figure 3):

1

=T

(FSfCOS(Sflf +th51n5flf - Fsr'lr)‘
(4)

The temporal change #* in the global vehicle center
of mass position is given by the following kinematic
equation:

R e

With the Pacejka tire forces given by [7]

Fyy = C3 - sin(Cy - arctan(Cq - ap—
Cy - (Cy - af —arctan(C - ay))))  (6)

Fs = Cs - sin(Cy - arctan(Cy - a-—
Cy - (C1 - ap —arctan(Cy - ) (7)

as a function of the constant frontal and rear tire
parameters Cy; and Cy;, with ¢ € {1,2,3,4}, and
the frontal and rear tire slip angles the presented
system of differential equations can be solved by
numerical integration. This allows the calculation
of the global vehicle center of mass position 7 in X-
and Y-direction as well as the vehicle yaw angle 1
and slip angle § as a function of time and therefore
defines the vehicle trajectory over ground.

On the basis of the single track model trajectory
ideal sensor data concerning the ego vehicle state
is available. For this study it is assumed that in
the ego vehicle the absolute ego center of mass
speed vego is known based on wheel speed mea-
surements and the yaw rate 1/}ego as well as the
center of mass acceleration a,,,, in Z.g4o-direction
and ay, , in Yego-direction are directly measured
by body-mounted sensors. The corresponding state
variables can be derived from the integrated vehicle
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trajectory via the following equations:

Vego = ‘Vego| = Xe2go + Yezgo (8)
; dtpego
wego = Ttg (9)

azﬁgo = Cos(ﬂego) : ’[}ego
- Sin(ﬂego) *Vego * (r‘/}ego + Bego) (10)
Ayego = sin(Bego) * Vego

+ COS(ﬁego) * Vego * (¢ego + Bego)' (11)

The parallel simulation of two trajectories offers the
possibility to calculate the relative position data
TP,,,/ Py, Measured by an ideal ego-mounted pre-
dictive sensor which can be calculated for any given
reference point 7p,, on the opponent vehicle.

For a predictive sensor located at rp,, . and
mounted at a displacement of zp_ /P, N Tego
direction and yp,, . /p,.,, I Yego-direction relative
to the ego center of mass rp,,, the relative location
measurement of the opponent reference point r Popp
is given by:

xsens R _ _
L/ = T Poyp/Poens — TPopp — TPscns =
Sens ZTegoYego
_ XPGPP} _ [XPCQO} n [xpsm/Pego]
_YPopp XY YPegn xy LYPicns/Pego TegoYego
(XPDpp - XPego) Cos wego

+(Yr,,, = YP.,,) si0%ego—Tp,,,./P.yo

—(Xpopp — Xpego) sin wego
|+(Ye,,, = YP,,) c08%ego—Yp,.../P.

99d TegoYego

_ -l'rel - xPsenS/P€90:| (12)
| Yrel — yPsens/Pego

TegoYego

The relative position data xseps and Ysens measured
by the predictive ego sensor allows the calculation
of the relative center of mass position 7, via the
following equation in which rp,  particularly refers
to the opponent center of mass:

Lrel
Yrel =TYpP,,, TP, = |:

Yrel TegoYego
_ |:xsens + SCPSMS/PSQO] (13)
Ysens + yPge"S/Pego TegoYego

The derived relative center of mass position data
over time also allows the determination of the rela-
tive velocity v,..; between the ego and the opponent
center of mass by:

Vyel =Vp,,, —Vp,,, =Tp, ., —Tp,

. i‘rel - ’l/.)ego : yrel:|
=T 1= . . . 14
" |:yrel + wego * Trel ( )

TegoYego

The relative acceleration between the two vehicle
centers of mass can then be calculated by:

Ayrel :aP{,m7 *aPe_qo :VPOM, *VPEQO =Vypel =

| Zret —YegoYrer— 2Yegolrel _7//egoxrel

= | L . ’ e
Yrel +wegoxrel +2wegoxr8l _wegoyrel Tegoy
egoYego

(15)

The simulated ideal measurement data concerning
the ego vehicle and the relative position data con-
cerning the opponent vehicle measured by a pre-
dictive sensor will be used as input for a collision
prediction algorithm estimating the expected geo-
metric and kinematic collision parameters after the
noise model explained in the following section is ap-
plied.

Noise model

In order to model the effect of statistically inexact
measurements by real sensors noise is applied both
to the ego vehicle data and the predictive sensor
data from the relative dynamics simulation. Sys-
tematic sensor errors are regarded as compensable
and therefore not taken into account. As Gaussian
random distributions offer a good means to model
measurement scattering the measurement errors are
assumed to be normally distributed with a given
standard deviation o around the mean measure-
ment value u, see Figure 4. As the area of + 4o

+- 45 (99,99%)

+/- 3 (99,73%)

>

A

+- 26 (95,45%)

NG
'

+/- 5 (68,27%)
>

\/

0 1) X

measurement tolerance
H- A,

>
< >

Figure 4. Normal distribution with a given
standard deviation

around the mean value p in a Gaussian normal dis-
tribution contains more than 99,99 percent of the
noisy measurement values the standard deviation
for the applied noise process was defined on the ba-
sis of a given measurement tolerance + Ay, q, via:

_ Abmax
g .= —".

1 (16)
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The following equations show the noisy measure-
ments for the ideal ego state variables velocity vego,
yaw rate g4, and the accelerations a,,,, and ay,_,:

VIO = Vego + Mo,y (05 0v,,,) (17)
A = ay, + i, (0,0a,,) (18
an = 4y, 4, (0,04,.,)  (19)
Vo™t = Vego + 115, (0,05, ), (20)

where n(p, o) denotes a Gaussian random variable
2

with mean p and variance o~°.
The noisy measurements for the ideal predictive
sensor data x,.; and ¥y,..; as well as for the ideally
detected opponent length W, are given by:

x?ffzssy = Tsens + Nraens (050,00, ) (21)
y:eo’rZLi‘y = Ysens T Mysens (Oa O—ysens) (22)

Wgﬁgy = Wsens + MW, (0, 0w, )- (23)

Figure 5 shows an example for ideal and discrete
noisy measurement data over time.

2 ; : ; ‘ :

ldsal Measurement

Measurement

05F

Figure 5. Ideal and discrete noisy measure-
ment data over time

For the further analysis steps the standard devia-
tion of the noisy ego measurements was regarded
as constant over time (assumed values for o see

Table 1).

Table 1.
Assumed standard deviations
for ego sensor noise

sensor o
Vego 0.075 m/s
ag,,, | 0.050 m/s2
ay.,, | 0.050 m/s2
1,beg0 0.005 rad/s

For the predictive sensor measurements (Zsens,
Ysens and Wiens) a more complex model was ap-
plied. The standard deviation o of the applied mea-
surement noise was modeled as distance dependent
via the following linear equation because the maxi-
mum resolution of the sensor element limits the de-
tection accuracy in a decreasing manner along the
measurement distance:

o(d) =09 (1+cq-d). (24)

The measurement distance d was calculated on the
basis of the ideal sensor values Zsepns and Ysens:

d = \% x%ens Jr ygens' (25)

The assumed basic standard deviations o for the
predictive sensor are shown in Table 2.

Table 2.
Assumed basic standard deviations
for predictive sensor noise

sensor value o
Tsens 0.125 m
Ysens 00625 m
Wsens 0.075 m

As mentioned in the introduction four predictive
sensor variants are used for the Monte Carlo analy-
sis in this paper. The variants differ in terms of o
and cq as depicted in Table 3.

Table 3.
Analyzed predictive sensor variants
sensor variant 0o Cq
1 o | 0.051/m
2 o | 0.10 1/m
3 2.0 |0.051/m
4 2.0 |0.10 1/m

The distance dependent standard deviation scaling
factor is illustrated in Figure 6.

COLLISION PREDICTION ALGORITHM
Tracking Model

In order to estimate the position and the velocity
of an object—as in common predictive sensors—the
discrete state-space formulation

x[k] = f(x[k — 1], nk], u[k]) (26)
y[k] = h(x[k], w[k]) (27)

is used, with x[k] being the state vector at the time
instance indexed by k, 9 the system noise, u the

Dirndorfer, Botsch, Knoll 5
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Figure 6. Distance dependent standard de-
viation scaling of the measurement noise

control vector, y the measurement vector, w the
measurement noise, and f and h denote the map-
pings describing the dynamic model and the sensor
model. In order to use the well-known notation [8]
from (27)—unlike in the rest of the paper—a posi-
tion vector [x,y]T is notated as r = [r,,r,|T in this
section. The coordinate system used in the follow-
ing is a right-hand coordinate system that has its
origin in the center of gravity of the ego car and the
z-axis points to the front. Since the ego car is mov-
ing over ground also the location of the origin of the
coordinate system is fixed only for one sample time
T and then it is updated. Figure 7 visualizes the
movement of the ego car and an object between two
time stamps. The coordinate system at time tg—71,

EGO Obiect

Figure 7. Movement of ego car and object
in a sample interval T

having the index k — 1, is denoted with S, its origin
with O and the coordinate system at time instance
to with 8" and its origin with O’. During the time
T the coordinate system rotates with the yaw angle
$ego and the object moves from the point Poq to
the point P. In the following the time instance tg
has the index k. Since the sensor type that is in
the focus of this paper measures only positions but
additionally also the velocities of the objects in the
environment of the car are important, the following
state vector will be used

x(k] = [{O L, O LR NOL K NOER] L (28)

where rf’lslf [k] is the relative distance in z-direction
between the object and the ego car at time in-
stance tg expressed in the coordinate system S,
5 S [k] the relative distance in y-direction, v9, [k]
and v, [k] the components of the velocity vector
over ground but rotated in the coordinate system
S’. The advantages of implementing the tracking
using the velocity over ground instead of the rela-
tive velocity are described in [9].

To find a suitable model for the mapping A in the
dynamic equation (26) firstly the position and then
the velocity of ego car and object must be ex-
pressed in S’ based on the values in the coordinate
system S.
The position [rgg, [k], rggl [K]]T of the ego car at tg
expressed in the cooridinate system S is

2

QY = Ok T+ me o (29)
oo’ o T°
ry,S [k] - Vy,S[k - HT + nags?v (30)

with vgs[k — 1] and vgs[k — 1] being the vector
components of the velocity over ground rotated in
the coordinate system S, and Mo and M2 Tep-
resenting noise terms which take into account that
during an time interval 71" the acceleration of the
car is neglected.

The position [rQE[k], rog[k]]T of the object at time
instance tg expressed in the coordinate system S is

T2
rfg[k] _ rggold [k — ]+V0Pold [k — 1]T+T]a;)§01d -

(31)

2

QLI = 05— 25— T+ 0m

(32)
where [r OP"“’ [k—1], 51530“ [k—1]]T is the position of
the obJect at time to — T expressed in S, [v& Lo [k —
1], yog"ld [k — 1]]T the components of the obJect’s

velocity vector over ground at time tg—7T expressed
in S, and n, OFyia and n, OFyia noise terms taking into

account that the acceleratlon of the object during
a sample interval T is neglected.

With equations (29), (30) (31), and (32) the rela-
tive position [r & [k], r SSP [k]]T between ego car and
object at time instance t; expressed in S can be

computed as

QLK) = QL k] — O [k]

2
= ok =1+ [k = 1T + n,0en >
T2
—vQslk — 1T - Mo 5 (33)
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0PI = 9L K] — O K]
— O [ — 1] OB [ — 1T oy
y,S Y, ayysOId 2
2

T

o

—vQslk = 1T =m0 S (34)
To express the relative distances rgg? [k] and r$ LK)
in the state vector x[k] a transformation to S’ is nec-
essary, i.e., a rotation with the yaw angle (ego[k]:

(0 & k)= cos(ego K1) 10 L (k] +8in (¢ego [K]) 1S [K]
(35)

10 L k)= o8 ((ego [K])rQ L (k] —sin(dego [K])rS L [K].

)

(36)

The velocity of the object over ground but rotated
into the coordinate system S is

ORIk = vOE Ik — 1] + n0raa T (37)

VOETK] = w5 k= 1)+ noru T, (38)
Y,

In order to express the velocity of the object over
ground at time instance tp in S’ a rotation with
Yego k] must be performed

Ve G/ [k]= cos(ego K]V 5 [K] +sin(ego [k]) vy 5 k]
(39)

Vi G [k]= cos(ego [k])vy & [K] —sin((ego K] VS 5 [K]-
(40)

All relations required to express the mapping h in
(26) are now given by (33), (34), (35), (36), (37),
(38), (39) and (40). Since only the yaw rate is mea-
surable in cars, the yaw rate is approximated by
Yegolk] = Yego[k] - T. Also it is assumed that the
sampling interval T is small so that the noise terms
Mo and M0 corresponding the the ego car can be
neglected in (33) and (34). The following vectors
and matrices are introduced to find an expression
for h that can be used in a Kalman filter

k] = [ cos(('ﬁ.ego[k‘]T) sin((ZJego[k:}T)
—sin(Pego [K]T)  co8(Pego K]T) |

ol

] 10T 0
R[] Osz | s 010 T
Rk' - ~ F:
4 {om R[k]]’ 001 0]
00 0 1
T2/2 0 (g [k — 1]
= | 0 122 | O -1
G=| 7 o | xkl= VOBt 1]
o T Ok — 1]

—vgs[k - 1T

= | |l 0
mel= 7,0 Po1a o - 0
y,S 0

The second component in a[k] is zero since vg slk—
1] = 0. Now the dynamic equation (26) can be
written as

x[k] = F[k|x[k — 1] + u[k] + G[k]q[k], (41)

Since the sensor type that is considered in this pa-
per measures only the relative position the mea-

’ ’ T
surement vector is y[k] = [rfj N [k]} and
(27) can be expressed as

1 000
y[kz}—[ 010 0 }x[kz]—i—w[k]—Hx[k]—&-w[k].

(43)

With the dynamic equation (41) and the measure-
ment equation (43) it is straightforward to apply
a Kalman filter [8] in order to estimate the state
vector x[k].

Computation of collision parameters

A collision prediction algorithm has to anticipate
the prospective motion of the ego vehicle and sur-
rounding objects on the basis of realistic movement
assumptions and estimate the expected collision pa-
rameters under the given premises. The predic-
tion may both depend on kinematic ego state data
and relative object measurement data provided by
a predictive sensor mounted on the moving ego ve-
hicle. The prediction process is necessary because
a predictive sensor is usually not able to measure
the geometric and kinematic impact conditions in
adequate precision right before the collision. This
results from limitations in the sensor field of view
as well as the necessary time interval for the object
creation and the movement tracking algorithms.

For an online estimation of the collision effect in the
ego vehicle the geometric and kinematic initial con-
ditions of the impact have to be described explicitly
by the predicted collision parameters. Therefore
the following parameters defining the relative posi-
tion and movement of the ego and opponent bound-
ing boxes at the time of collision were selected, see
Figure 8.

The relative geometric and kinematic movement
state of the two vehicle bounding boxes is described

Dirndorfer, Botsch, Knoll 7



Figure 8. Predicted collision parameters as
initial conditions of the mechanical impact

by the relative reference point position Xy in Xego-
direction and ycon in yego-direction as well as the
geometric angle ¢gecom between the vehicle longi-
tudinal axes (in Figure 8 the slip angles of both
vehicles are chosen negligibly small) in combina-
tion with the ego width Wcg,, the ego length L.y,
the opponent width W,,,, and the opponent length
Lopp. As a real predictive sensor will mostly not
be able to detect the complete opponent length the
parameter Ly, may also refer to the current length
of the detected part of the opponent vehicle. The
impact direction is specified by the angle ¢,, ., be-
tween the relative velocity vector and the ego veloc-
ity vector as well as the absolute value v,.; of the
relative velocity vector. Furthermore the expected
time to collision (TTC) is estimated on the basis
of the underlying assumptions. For this study the
collision parameters were calculated on the basis
of a no change assumption concerning the current
movement state of the ego vehicle and the opponent
in two dimensions over ground. The assumption
no change extrapolates the actual moving state of
the ego vehicle and the opponent sensor object on
the basis of a Taylor series for kinematic state vari-
ables. The closer the collision comes the better the
no change assumption is able to predict values that
fit the real development of the accident scenario.

The ego and object trajectories are calculated on
the basis of the following correlations concerning
the predicted movement state at ¢ty defined by the
velocity v, the yaw angle ¢ and the slip angle §
along the prediction time tp,.cq:

dv
U(tpred) = U(tO) + E(tO) “tpred
1 d%v
+5- ﬁ(to) 2 eq
dv
= ’U(to) + E(to) “Tpred (44)

d
'(/)(tp'red) = ¢(t0) + j(tO) : tpred

dt
+ % : %(to) e+ o
~(to) + %(to) “tpred (45)
Bltprea) = B00) + 2 (10) -ty
+ % : 6575(150) e+
~ B(to) + %(to) “tpred- (46)

On the basis of the movement state variable approx-
imations at each prediction time step the vehicle
velocity vector v can be calculated by:

v (t d) — |:v(tp7‘€d) : Cos(w(tpred) + B(tpred)):| )
pre U(tpred) : Sin(w(tp'r'ed) + ﬂ(tpred)) zy
(47)
The absolute vehicle position r along the predicted
trajectory can then be calculated by integration:

tpred

r (tpred) = / 'U(Epred) : dipred = |:

to

w(tpred)}
y(tpred) :zzy.

(48)

The absolute acceleration a along the trajectory is
given by:

d
7V(tp7‘ed) =

a(tpred) = dtrea
pre

|: ?')(tpred) .
U(tpred) ' (d)(tpred) + ﬂ(tpred))

ToyYv

Alon (tpred) (49)

- |:alat (t;m*ed):| ToYo '

The resulting trajectory on the basis of a given
and numerically extrapolated working point of the
ego vehicle movement is shown in the Figure 9. In
this case the ego slip angle 3.4, is assumed to be
known with a diminishing slip rate Bego so that
it remains constant during the prediction. Both
the ego vehicle state as well as the opponent ve-
hicle movement are predicted on the basis of the
described no change trajectory extrapolation, see
Figure 10. Whereas for the ego vehicle the accel-
eration, yaw rate and the slip angle are assumed
to be known for the opponent vehicle detected by
the predictive sensor only the velocity in .40~ and
Yego-direction is used for the prediction but not its
acceleration, yaw or slip rate. This assumption is

Dirndorfer, Botsch, Knoll 8
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Figure 9. No change prediction on the basis
of the current moving state

based on the fact that these variables are very hard
to estimate with a sensor only directly measuring
the position and not the relative velocity. Further-
more a diminishing slip angle is supposed for the
opponent vehicle which is a good approximation for
stable driving maneuvers considering the increasing
number of ESP systems limiting the slip angle in
modern vehicles. The resulting collision parame-

¥ [m]

ey
a
@
e
g
w
=}

2
X [m]

Figure 10. No change prediction of the ex-
pected collision constellation and parameters

ters described above are calculated on the basis of
an analysis concerning the overlap of two rectangu-
lar bounding boxes around the vehicle contours at
each point of the prediction time along the trajecto-
ries. Therefore the precision of the TTC-prediction
is limited by the integration time interval during
the discrete prediction process. The smaller the

prediction time interval is selected the more exact
the kinematic and geometric collision parameters
can be calculated.

MONTE CARLO SIMULATION

On the basis of the described measurement data
generation and the collision prediction algorithm
Monte Carlo simulations were performed to analyze
the effect of the noisy measurement input data on
the predicted collision parameters in three selected
car2car-collision scenarios.

Simulation scenarios and process

In the following three critical traffic situations each
resulting in a car2car-collision are presented. The
scenarios will be analyzed concerning the sensitivity
of the predicted collision parameters on the basis
of noisy input data in this chapter. The accident
scenarios are illustrated in Figures 11, 12, and 13.

(D) «-(ED) «-(CCD)
op— 0
Figure 11. Scenario 1: straight rear-end col-
lision with full overlap

— (o
[I.:.Ir

Figure 12. Scenario 2: straight frontal colli-
sion with partial overlap

Figure 13. Scenario 3: curved frontal colli-
sion with partial overlap

In the first scenario the ego vehicle driving at a
speed of 50 km/h hits the back of an opponent ve-
hicle at a velocity of 10 km/h with full overlap. The
second scenario represents a straight frontal impact

Dirndorfer, Botsch, Knoll 9



with an overlap of 40 percent within which the ego
vehicle at a velocity of 50 km/h collides with the
opponent vehicle driving at a speed of 40 km/h.
In the last scenario the opponent vehicle driving at
57.4 km/h leaves its lane on a curved road segment
and collides frontally with the oncoming ego vehicle
with a velocity of 56.2 km/h. For simplicity con-
cerning the further analysis steps the selected sce-
narios are all stationary concerning velocities, yaw
and slip rates. Of course dynamic scenarios with
sudden break or steering inputs can also be evalu-
ated with the proposed method. For the simulation
process both vehicles are assumed to be equally di-
mensioned with a length of 5m and a width of 2m.

For the sensitivity analysis of the collision para-
meter calculation on the basis of the Monte Carlo
method for each collision scenario 1000 simulation
runs were performed with MATLAB/Simulink [10]
at a sample time of 1 ms for a sufficiently exact dy-
namics simulation. In each scenario Gaussian noise
with the assumed standard deviation (see Chapter
“Noise Model”) was added to the ideal measure-
ments at a discrete measurement sample time of
20 ms modeling the processing cycle for ego and
predictive sensor data. For every scenario two ref-
erence time stamps in relation to the actual time of
collision (TOC) at TOC - 400 ms and TOC - 100 ms
were selected. The reference collision parameters
were calculated on the basis of the ideal dynamics
data. At every reference time step of a scenario the
predicted collision parameters on the basis of the
noisy input values for the collision prediction mod-
ule as well as the corresponding reference values
were logged. The resulting differences between the
prediction outputs and the reference values were an-
alyzed concerning the statistical mean and standard
deviation as well as the minimum and maximum
values. The input values for the collision prediction
module at each time step over all the 1000 simula-
tion runs per scenario were all normally distributed
with the given (distance dependent) standard devi-
ation around the nominal value and a noise value
limitation to the & 4o interval. The simuation runs
were performed with constant ego sensor noise pa-
rameters and the four predictive sensor noise vari-
ations according to section “Noise model”.

Simulation results

In the following the results of the Monte Carlo sim-
ulation process are illustrated. For each of the three
simulated collision scenarios introduced in the last
section the noisy predictive sensor data as input for
the collision prediction module as well as the re-
sulting differences ATT'C, Avyer, Ado,.,, Adgeom.
Axeony and Ayeon between the prediction outputs
and the reference values are presented for two ref-

erence points of time (TOC - 400 ms and TOC
- 100 ms). The noisy ego vehicle sensor data is
only illustrated for scenario 1 at TOC - 400 ms,
see Figure 14, because each of the four ego sen-
sor signals was disturbed with a Gaussian noise of
constant standard deviation over all scenarios and
reference points of time. The generated plots show
the mean, minimum and maximum values (contin-
uous lines, left y-axis) as well as the standard de-
viation (dashed line, right y-axis) at the regarded
reference point of time for the four analyzed sensor
variants (concerning all performed simulation runs
under the given sensor noise). Figure 14 illustrates

v [km/h] [mis?

a
ego xego

2
~

ooo
R
o)

in, mean, max

min, mean, max
a a
ﬁ m

3 2
sensor variant sensor variant

mis? w___[rad/s]

a,
yego ego

min, mean, max
a

2 3 2 3
sensor variant sensor variant

Figure 14. Scenario 1: Noisy ego sensor sig-
nals at TOC - 400 ms

the ego sensor data values in scenario 1 at TOC
- 400 ms for the four presented (predictive) sensor
variants in scenario 1. As the ego sensor data values
were disturbed with constant noise parameters the
mean, minimum and maximum sensor values over
all the four sensor variants at TOC - 400 ms ap-
proximately remain constant with the chosen stan-
dard deviation. In this scenario the measured ego
speed veq, Vvaries in an interval of about + 1 km/h
around the nominal value of 50 km/h, the acceler-
ation measurements a,,,, and a,,,, in an interval

of approximately + 0.2 m/s? and the yaw rate ¢ego
in a range of about £+ 0.02 rad/s. The effect of
the distance dependent predictive sensor noise over
the four variants at TOC - 400 ms in scenario 1
is shown in Figure 15. The standard deviation at
that reference point of time increases from sensor
variant 1 to sensor variant 4 along with the interval
between the maximum and minimum values of the
measured relative position ,¢; in Tego- and yre; in
Yego-direction and the opponent width W. TOC -
400 ms is related to a mean x,.;-value of about 9 m
and a mean y,.-value of 0 m concerning the rear-
end collision. The predicted collision parameters at
TOC - 400 ms in scenario 1 scatter as a result of
the given noisy input, see Figure 16. The differ-
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Figure 15. Scenario 1: Noisy predictive sen-
sor signals at TOC - 400 ms
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Figure 16. Scenario 1: Predicted collision
parameters at TOC - 400 ms

ence between the predicted and the reference value
varies between a resulting minimum and maximum
value for each collision parameter. In this case for
every parameter the difference increases along with
the sensor variant. The predicted TTC varies in
an interval smaller than + 100 ms around the ref-
erence value for all the considered sensor variants.
The mean ATTC-value is not exactly 0 ms because
of the prediction tolerance due to the discrete pre-
diction time interval of 10 ms. The relative ve-
locity v,.; was predicted with a tolerance better
than + 5 km/h decreasing from sensor variant 4
down to 1. The predicted geometric collision an-
gle @geom is more diffuse than the relative velocity
angle ¢,, . Both parameters were estimated with
an accuracy better than & 14" concerning the ref-
erence in all sensor variants. The predicted relative
collision location parameter x.,; only varies in a
quite small range of about + 0.2 m. The predicted
lateral collision opponent location y..; scatters in
a wider range of up to approximately + 0.5 m. At
the examined point of time the accuracy of the pre-

Yo M

el

min, mean, max
min, mean, max

3
sensor variant

3
sensor variant

W im]

min, mean, max

2 3
sensor variant

Figure 17. Scenario 1: Noisy predictive sen-
sor signals at TOC - 100 ms

diction decreases from sensor variant 1 to sensor
variant 4 for all collision parameters. At TOC-
100 ms in scenario 1 the predicted TTC varies
in a decreased interval of about £+ 50 ms around
the reference value in all sensor variants based on
smaller predictive input parameter variations, see
Figures 17 and 18. The relative velocity v, is
predicted with an accuracy of approximately + 4
km/h. As seen above the predicted relative veloc-
ity angle ¢, _, again doesn’t scatter as much as the
geometric collision angle ¢4eom. Both parameters
remain in an interval smaller than about 4+ 12° over
all sensor variants. The relative collision location is
predicted relatively exact in xg40-direction (+ 0.20
m) and doesn’t exceed an interval of + 0.25 m in
Yego-direction. As a result of the decreasing predic-
tive sensor input noise at TOC - 100 ms compared
to TOC - 400 ms the collision parameters are esti-
mated with a better (or at least identical) accuracy
for all sensor variants.

ATTC [ms] Apg) Tkmih]

5

in, mean, max
min, mean, max

mi
8
8

sensor variant

sensor variant
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N
8
3

min, mean, max
min, mean, max

3
sensor variant
Mgy [m] Wogy Ml
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N
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N

1 2 3 4
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Figure 18. Scenario 1: Predicted collision
parameters at TOC - 100 ms
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Figure 19. Scenario 2: Noisy predictive sen-

sor signals at TOC - 400 ms
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Figure 20. Scenario 2: Predicted collision
parameters at TOC - 400 ms

In scenario 2 at TOC - 400 ms, see Figures 19
and 20, the predicted TTC varies in a maximum
interval of about 4+ 60 ms around the reference
value in an increasing manner along the predictive
sensor variant due to the growing sensor noise at
that point of time. The relative velocity v,..; is pre-
dicted with a minimum accuracy of approximately
+ 6 km/h. Again the predicted relative velocity
angle ¢,, ., doesn’t vary as much as the geometric
collision angle ¢geom. Both parameters remain in
an interval smaller than about + 5° over all sensor
variants. The relative collision location x.o; is pre-
dicted in a range of about + 0.3 m in z4.-direction
and doesn’t exceed an interval of + 0.6 m in Yego-
direction. At TOC - 100 ms in scenario 2 the
TTC variation interval decreases to approximately
+ 20 ms due to the significantly smaller predictive
sensor noise, see Figures 21 and 22. Whereas the
prediction scatter intervals for the relative velocity
Urel, the geometric angle ¢geom, the relative veloc-
ity angle ¢,,,, and the z.y-location parameter do
not change significantly compared to the values at
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Figure 21. Scenario 2: Noisy predictive sen-
sor signals at TOC - 100 ms
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Figure 22. Scenario 2: Predicted collision
parameters at TOC - 100 ms

TOC - 400 ms, the prediction of the y.,;;-parameter
gets significantly better. This results both from the
less scattering y,.;-values at TOC - 100 ms as well
as the decreasing effect of errors in the movement
prediction direction with a decreasing distance.
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Figure 23. Scenario 3: Noisy predictive sen-
sor signals at TOC - 400 ms
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Figure 24. Scenario 3: Predicted collision
parameters at TOC - 400 ms
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Figure 26. Scenario 3: Predicted collision
parameters at TOC - 100 ms

In collision scenario 3 the predictive measurement
scattering monotonically increases over all sensor
variants at each reference point of time and de-
creases from TOC - 400 ms to TOC - 100 ms, see
Figures 23 to 26. As both vehicle trajectories are

curved and the yaw and slip rate of the opponent
vehicle are not estimated in the collision prediction
module the no change prediction assumes a straight
opponent trajectory that doesn’t take into account
the lateral opponent vehicle movement. This re-
sults in a visible difference of the mean prediction
values for the relative velocity v,; and the colli-
sion angles ¢, _, and ¢geom as well as the lateral
collision location yeon in Yego-direction from the
reference values. The depicted difference between
the mean values for the predicted collision angles
and the y..y-location parameter gets smaller from
TOC - 400 ms to TOC - 100 ms because the effect
of the inexact movement assumption decreases with
a smaller distance. In this case the inexact col-
lision parameter prediction is not only influenced
by the measurement value scattering but also by
the inexact movement assumption in the opponent
trajectory generation. The measurement scatter-
ing effects on the predicted collision parameters are
similar to those observed in scenarios 1 and 2.

CONCLUSIONS

The optimization of passive safety applications by
the use of predictive sensor data requires a suf-
ficiently exact prediction of collision parameters
characterizing the type and severity of a collision.
Ego vehicle state sensors as well as predictive sen-
sors only measure with a given tolerance and res-
olution so that predicted geometric and kinematic
collision parameters always scatter depending on
the characteristics of the applied sensors as well as
the sensor signal processing steps. In this paper
a method for the model-based evaluation of sen-
sor noise effects on the predicted collision parame-
ters along the whole signal processing chain with
a predictive sensor able to measure distances but
not velocities was presented. On the basis of the
developed method a study on the effects of mea-
surement scattering concerning the predicted colli-
sion parameters was accomplished. Therefore fixed
noise parameters for the ego vehicle sensors and two
different basic noise levels for the predictive sensor
combined with two noise dependencies along the
measurement distance were assumed. Their effects
on the collision parameter prediction were analyzed
in three selected collision scenarios. Whereas in the
straight collision scenarios the mean values of the
predicted collision parameters based on noisy input
data fitted the reference values very accurately in
curved scenarios the collision prediction algorithm
assuming a straight trajectory for the opponent ve-
hicle (as opponent yaw rates are very hard to es-
timate) resulted in a time-dependent mean value
in the geometric parameter prediction. Depend-
ing on the sensor noise parameters the geometric
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collision parameters in all analyzed scenarios scat-
tered in a specific range representing the accuracy
of the prediction under the given premises. For the
three analyzed scenarios under the made assump-
tions the TTC prediction scattering at TOC - 400
ms and TOC - 100 ms didn’t exceed a range of +
100 ms around the reference value, the relative ve-
locity angle prediction was always in an interval of
4 9° and the predicted geometric angle varied in a
maximum interval of £ 18°. The relative reference
point position in longitudinal ego vehicle body di-
rection scattered in a range of + 0.30 m at most
and the relative reference point position in lateral
ego body direction differed in a maximum range of
+ 0.60 m (at TOC - 400 ms) respectively + 0.25 m
(at TOC - 100 ms) in straight scenarios and in a
range from -0.10 m to -1.30 m (at TOC - 400 ms)
respectively -0.50 m to 0.10 m (at TOC - 100 ms) in
the curved scenario. The results show the challenge
of collision predictions in the case of small vehicle
overlaps and in curved scenarios. For the reliable
detection and prediction of the collision parameters
in these scenarios the sensor noise parameters have
to be kept low in combination with an adequate dy-
namic object tracking with ego-compensation even
in areas close to the ego vehicle. The effect of dy-
namic scenarios with sudden steering or brake in-
puts concerning the parameter prediction was not
yet analyzed and has to be observed in future stud-
ies.
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ABSTRACT

“E sbagliato partire cercando immediatamente
una soluzione. E necessario prima definire comple-
tamente il problema.” (Bruno Munari, Italian de-
signer).

When considering future airbags it can be argued
that their performance should be tailored considering
occupant, vehicles and crash characteristics. Yet, this
will increase the automobile weight, affecting in a
negative way fuel economy and Ecology. Further-
more, to accomplish the target of tailoring the airbag
performance, a variety of sensors and actuators
should be developed and installed, as so new software
to control the embedded control units. These elements
add complexity and costs to an already complex and
expensive solution. Therefore, this paper explores the
problem of protecting the driver from the very begin-
ning.

The purpose of the steering-wheel airbag is to
prevent the driver’s head hitting the steering-wheel
(which is inevitable since the head will continue its
movement, unrestrained). Yet, and taking into consid-
eration the problem from a different point of view it
can be argued that another way of performing this
protective action is to move away the steering-wheel
from the driver. On the one hand, this proposed solu-
tion needs drive-by-wire technology to be imple-
mented. On the other, fewer sensors and actuators,
and simpler software and embedded control units will
be needed.

The feasibility of both solutions will be analyzed
from a general and synergistic point of view, taking
into consideration both the cost and the effectiveness
of each system. A theoretical approach will be pre-
dominant, pointing out some aspects that should be
developed thoroughly within the corresponding set-
tings and using appropriate resources.

INTRODUCTION

“The process of ‘reengineering’ involves the
breaking of old, traditional ways of doing business
and finding new and innovative ways. And from the
redesigned processes, new rules will emerge that will
determine how the processes will operate. The reen-

gineering process is an all-or-nothing proposition,
the results of which are often unknown until the com-
pletion of its course”. (Michael Hammer, "Reengi-
neering Work: Don't Automate, Obliterate").

Airbags save many lives on a daily basis. But, in
some cases, they also provoke injuries, even fatal
ones.

Figure 1. An example of a circumstance where the steering-
wheel airbag which may cause more damage than good.

Altogether it can be stated that airbags are by far
more beneficial than potentially harmful. Therefore,
they have not only become mandatory in most coun-
tries, but also their presence in automobiles is becom-
ing greater and greater, and even small cars bear sev-
eral airbags that are intended to protect the passengers
in various circumstances.

At the same time, the average mass of vehicles
has dramatically increased. The weight increase is
basically due to more stringent legislative require-
ments and changing customer demands (growing ve-
hicle size, extra comfort and safety devices, etc) that,
in turn, have caused an increase weight of other com-
ponents to reach the desired performance level. Heav-
ier cars mean larger kinetic energies and bigger dam-
age potentials.

Furthermore, airbags are still in a developing
stage, since they lack many features that could mini-
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mize the damages, namely a larger array of sensors,
multi-stage actuators. Smarter airbags will surely
protect passengers in a better way but they will also
mean more complicated, heavier and costlier devices.

Therefore, the scope of this paper arises: is there a
simpler, more effective way to protect the driver? Is it
possible to rethink its function and purpose, and get
better results with less complex solutions?

These questions will be answered in the next
paragraphs, starting from the very beginning.

WHY IS THE STEERING-WHEEL AIRBAG
NECESSARY?

Basically, because the steering-wheel airbag pre-
vents the driver’s head from hitting the steering-
wheel (which is inevitable since the head will con-
tinue its movement, unrestrained):

instant ty: the driver’s head hits the steering-wheel.

Figure 2. Sequence for a restrained driver during an impact [1].

Its own technical name, SRS (Supplementary re-
straint System), gives a hint on their function and
purpose: complementing the retraining action per-
formed by the seatbelt. Since the head moves inde-
pendently from the rest of the body, the steering-
wheel airbag restrains its movement to prevent the
head from hitting the steering-wheel.

OPERATION PRINCIPLES

Nevertheless, rather than a restraining action, the
frontal airbags exerts an opposite movement to “halt”
the head. While a seatbelt restrains, an airbag opposes
a pressure to a kinetic energy:

head (kinetic energy)

airbag (pressure)

Figure 3. An airbag stops the head by opposing a certain pres-
sure that will counteract the kinetic energy, dissipating it while
the gas inside the bag is released.

Therefore, the function of the airbag is relatively
more complex than the one of the seatbelt. Since it
faces these two critical dilemmas:

1. if the pressure is lower than the kinetic energy,
the head will still hit the steering-wheel.

2. if the pressure is higher than the kinetic en-
ergy, the head will rebound backwards, proba-
bly generating serious damages both to head
and neck.

So, how important is this fact? How different
maybe the kinetic energies involved and how many
different responses do airbags provide?

First of all, everything that was said before must
be restated, since it is inaccurate from a physical
point of view that a pressure opposes a kinetic energy
(since they are two different physical entities). The
exact mechanism is the one where a force —rather
than a pressure— decelerates a moving object which is
moving in an opposite sense. Pressure is a measure of
the force exerted in a given area, therefore, and con-
sidering that the area of an airbag remains relatively
constant, the larger the pressure, the larger the force,
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the larger the deceleration of the head. This decelera-
tion must be within safety ranges, as explained above
(otherwise or the head will hit the steering-wheel or it
will rebound).

To further explain this issue a few calculations
will be done. It is assumed that a driver’s head
weights around between 3 and 5 kilograms. Thus, its
kinetic energy at the moment of the impact can be
obtained:

2
muv

K=

SN

where K = kinetic energy of the head [joule]
v = impact speed [km/h]
m = mass of the head [kg]

Assuming impact speeds between 30 km/h and 100
km/h, the range of kinetic energies is the following:
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Figure 4. Range of kinetic energies developed by the driver’s
head during an car impact.

It is very important to notice that the difference of
kinetic energy when comparing a 30 km/h impact
versus a 100 km/h impact is —indeed— enormous:

= a 3 kg head at 30 km/h has a kinetic energy
of nearly 100 joule.

= a 5 kg head at 100 km/h has a kinetic en-
ergy of nearly 2.000 joule (20 times higher).

Hence, an airbag should consider these differ-
ences, and respond using different pressures. Never-
theless, it can be stated that even the most advanced
airbags are capable of releasing the gasses in two
stages, offering two responses:

1. high speed impacts: fast response (10/20 milli-
seconds; higher pressure).

2. low speed impacts: less fast response (20/30
milliseconds; lower pressure).

In other words, and considering a “typical” airbag,
since each car manufacturer develops different de-
vices, while there is a need of a continuos response to
a continuous range of probable kinetic energies de-
veloped by the driver’s head, only two answers are
given.

And, as said, this is the case of the most advanced
airbags, kwon as “multi-stage” airbags, which are not
standardly provided in the vast majority of the auto-
mobiles that are been produced.

The kinetic energies developed by the driver’s
head and the airbag counteraction can be compared in
the following figure:
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impact speed [km/h]
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Figure 5. Range of kinetic energies developed by the driver’s
head during an car impact and a sophisticated airbag response.

Consequently, even the most advanced airbags
offer a protection that is very limited in comparison to
the range of kinetic energies developed by the
driver’s head, On top of that, most of the crashes with
fatal injuries to the drivers take place at speeds where
the kinetic energy of the head is higher that the pres-
sure opposed to it by the airbag.

Proving this last statement exceeds the aim of this
paper, but a hint of the explanation can be obtained by
taking a look into NHTSA’s FARS (Fatality Analysis
Reporting System) data. A query was done to deter-
mine the frequency of deaths for drivers during head-
on impacts where the airbag deployed [2].
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The FARS query details were the following:
(D Year: 2009

(II) Crashes:
i) manner of collision: front-to-front (includes
head-on).
(IIT) Person:
i) airbag deployed: deployed-front.
il) injury severity: fatal injury.
iii) seating position: front seat-left side (dri-
ver’s side).

The results of the query are shown in the follow-
ing graph:

225

180
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90

number of fatalities

45
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Figure 6. Number of fatalities in 2009 in the United Sates ac-

cording to NHTSA FARS data base, for drivers suffering a
head-on collision where the frontal airbag deployed |[2].

As it can be clearly seen, most fatalities (88%)
take place at impact speeds higher that 70 km/h. This
does not necessarily mean that the airbag is the cause
of these deaths, but it has to be pointed out that air-
bag’s pressures are not set to absorb the kinetic en-
ergy of the driver’s head at these speeds (as shown in
figure 5).

It is most likely that these deaths are rather caused
by direct impacts of other parts of the car against the
driver’s body instead of just the steering-wheel
against the head. But when it comes to the airbag,
everything indicates that, at the speed where most
fatalities occur, higher pressures are needed to pre-
vent the head from hitting the steering-wheel.

TIME

Up to this point most of the discussion involved
kinetic energies and pressures, but very little has been

said about the time of the response. It was mentioned
that the most sophisticated airbags have two different
modalities of acting: the one with a lower pressure
reacts in 20/30 milliseconds, the one with a higher
pressure reacts in 10/20 milliseconds. So, is this fast
enough for preventing the head from hitting the
steering-wheel?

To answer this question one of the components of
an airbag will be analyzed. An airbag is managed by
an embedded ECU (Electronic control unit) which
controls an array of devices (namely accelerometers,
impact sensors, side door pressure sensors, wheel
speed sensors, gyroscopes, brake pressure sensors,
seat occupancy sensors).

Airbags are designed to deploy in frontal and
near-frontal collisions bearing more severe threshold
than the ones defined by regulations. Real-world
crashes typically occur at offset angles, and the crash
forces usually are not evenly distributed across the
front of the vehicle.

Consequently, the relative speed between a strik-
ing and struck vehicle required to deploy the airbag in
a real-world crash can be much higher than an
equivalent barrier crash. Because airbag sensors
measure deceleration, vehicle speed is not a good
indicator of whether an airbag should deploy. Airbags
can deploy due to the vehicle's undercarriage striking
a low object protruding above the roadway due to the
resulting deceleration.

Figure 7. A microscopic photograph of a MEMs accelerometer
used in in airbag-triggering decision.

Therefore, the triggering algorithm must face sev-
eral complex calculations and finally, when every-
thing indicates that it is necessary, inflate the airbag.
So the important issue to highlight is, how much time
does it take the ECU to trigger an airbag? Typically,
around 20 milliseconds.

But is this fast enough?
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For low-speed impacts it surely is. But is it
enough for high-speed impacts?

How much time does the driver’s head travel from
the moment of the impact until it eventually hits the
steering-wheel?

To answer this it will be assumed that the distance
from the drivers’s head to the steering-wheel is
around 50 cm. After this, Newton’s second law is
applied to calculate the time travel for different im-
pact speeds:

1 5
r(t) = vgt — ;at'

where x = position of driver’s head (0,5 m)
vy = impact speed [km/h]
t = time [milliseconds]
a = acceleration = 0 (the head is unrestrained)

since acceleration is zero, the equation results in the
simpler one:

rit) =gt

Using the above equation, the time period in
which the driver’s head travels before hitting the
steering-wheel, for the usual range of impact speeds
is the following:

70
60
50
40
30
20
10

0

time [milliseconds]

30 40 50 60 70 80 90 100
impact speed [km/h]

Figure 8. Time period in which the driver’s head travels before
hitting the steering-wheel assuming 50 cm of initial distance.

As said before, a typical ECU triggers an airbag in
around 20 milliseconds. After this triggering, the time
bag is inflated in around 10 milliseconds. For the
most sophisticated airbags, the inflation takes places
immediately after the ECU decides the triggering for
high-speed impacts, and it takes place 20/25 millisec-
onds after the decision for low-speed impacts. If these

numbers were to be combined with figure 8, the result
would be the one shown in the following graph:
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Figure 9. Time period in which the driver’s head travels before
hitting the steering-wheel, ECU triggering time and airbag
inflating time.

It must be highlighted that at speed impacts over
70 km/h the head reaches the steering-wheel before
the airbags inflates (even for the ones with two stages
of inflation). Furthermore, at speed impacts over 85
km/h not even the ECU answer is fast enough to de-
cide wether to trigger the inflation or not.

Thus, as in the case of the pressure opposing the
kinetic energy, a discrete (in mathematical sense) an-
swer is given to a continuos phenomenon. In both
cases, two possible responses are given, and they are
probably inefficacious at high-speed impacts.

3D MOVEMENTS

Figure 10. Real-world head-on collision expose passengers to
3D movements.
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To make matters worse, real-world head-on colli-
sions (which account the vast majority of fatal
crashes) include a rotation in three axes. Figure 10
shows an example of a lateral and vertical rotation.
This deviation of the cockpit affects directly the area
where the head hits the airbag. If there is too much
offset between the relative movement of the head and
a straight line, the airbag could force the head to
move out, even making it hit the side window or a
cockpit structure. The next figure demonstrates how
the airbag is pushing the head rather than stopping it.

B

Figure 11. If there is a relatively large rotation, the steering-
wheel airbag may push the head sideways instead of stopping it.

To prevent this, a very precise mapping of the
movement of the head must be made, and eventually
the geometry of the airbag must be adapted to the
exact trajectory. This obviously means adding several
sensors, and a complete redesign of the steering-
wheel airbag, which can be stated that is mainly de-
sign for a full frontal impact, where the driver’s head
will hit it more or less in the middle.

Bottom line, to enhance the protecting capabilities
of the steering-wheel airbag a series of improvements
must be made. Not only in terms of real-world 3D
movements, but also, as stated in the above para-
graphs, in terms of their capability to act more
quickly, in an almost continuous range of time,
and delivering an almost continuos range of pres-
sures.

ENHANCEMENTS

The following enhancements can be considered an
incomplete list of potential modifications that
steering-wheel airbags needs in order to protect the
driver in a much better way:

= the ECU’s triggering answer must be a lot
quicker, preferable below 5 milliseconds.

= the airbag must produce several pressures, in a
multi-stage mode, transforming its actual re-
sponse in a “semi-continuos” one:
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£ 500 =
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impact speed [km/h]
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Figure 12. Example of a multi-stage airbag which provides a
“continuous” response.

= the quantity of sensors must be exponentially
augmented, to evaluate several information
that will help enhance the efficaciousness of
the airbag (namely, and not exclusively, the
speed of the object the car is hitting, the direc-
tion and sense of the movement of the cockpit
and of the driver’s head, the distance from the
driver’s head to the steering-wheel, the speed
of the driver’s head, the latter’s weight and
size).

= the quantity of cavities that hold the gasses
inside the airbag must also be augmented, in
order to deliver different amount of gasses that
will produce a relatively “continuous” pressure
response.

= the geometry of the cavities of the airbag must
also be controlled, so that if offset impacts
take place, the driver’s head will still be
stopped rather than pushed away.

THE COST OF THE ENHANCEMENTS

The first question that must be answered is
whether the proposed enhancements are feasible. And
not only in economical terms, but also in technologi-
cal and even in physical terms. Anyhow, and since
this paper intends to deliver a theoretical approach,
pointing out some aspects that should be developed
thoroughly within the corresponding settings and us-

ZINI 6



ing appropriate resources, a very general and ap-
proximate rule-of-thumb will be used to estimate the
cost of the eventual enhancements.

It was said that even the most sophisticated air-
bags provide a two-stage response, and that, accord-
ing to figure 12, 9 or 10 stages should be provided.
This means developing a much more complex system
of cavities that must occupy approximately the same
volume that is filled today. This may mean new mate-
rials, new gasses, new triggers; a whole array of new
components. If we take into consideration the fact
that new ECUs and algorithms must be developed,
and that no less than 15 to 20 sensors must be added,
it can be said that the estimation of the cost of the
enhancements is more of a guess than certainty.

Still, and only to make a point and to continue
with the logic of this paper, it will be said that a more
efficacious steering-wheel airbag could cost between
5 to 20 times more that a current one. But it must be
considered as a very approximative figure.

REENGINEERING THE STEERING-
WHEEL AIRBAG

Bruno Munari was an Italian designer who didn’t
like to solve a problem from the very beginning. In its
book “Da cosa nasce cosa” (3) he says that there is a
tendency to find a solution immediately afterwards a
problem arises:

Problem — Solution

Yet, he proposes another method, a method where
the solution gets farer and farer from the problem,
and only when a whole series of vital issues are pon-
dered comes the time to finally find the solution. The
two-step sequence mentioned above, is then trans-
formed into the following:

Problem —

— Definition of the Problem —
— Components of the Problem —
— Gathering of Data —

— Data Analysis —

— Creativity —

— Choice of Materials and Technologies —
— Experimentation —

— Construction of Models —
— Assessment of Models —

— Final Specifications —

— Solution

Therefore, it is herein proposed not to follow the

complete Munari’s method, but at least consider the
first and second steps. That is to say:

Which is the problem?

(Going back to a former question) why is the
steering-wheel airbag necessary?

This was answered before. The steering-wheel
airbag is necessary because it prevents the driver’s
head from hitting the steering-wheel (which is inevi-
table since the head will continue its movement, unre-
strained).

Bottom line, the problem is to find a way to
prevent the driver’s head from hitting the
steering-wheel.

Therefore, is the frontal airbag the only solution to
this problem? Are there any other ways to solve the
same problem?

For instance:

= What if the steering-wheel just gets away from
the driver’s head path?

= Why not move the steering-wheel forward?

A solution of this type would need drive-by-wire
technology, which has been already developed and is
used in complex and sensitive devices such as Airbus
airplanes.

An most important of all, a solution of this type
would mean that a better steering-wheel airbag
than the current one is not an airbag.

Figure 13. The interior of the 2002 General Motors’ Hy-wire
concept car.

Figure 13 shows a relatively old concept-car.
Moreover, it is a type of automobile that is very dif-
ferent from present-day ones. Yet, its drive-by-wire
technology will probably be widely used as electrical
cars start replacing internal combustion-engine cars.
The interesting issue about the concept car is that it
shows in a graphical way that, in the event of a fron-
tal impact, the steering-wheel column could be very
rapidly tumbled down, moving the steering-wheel
away from the driver’s head.
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Furthermore, this kind of answer is surely simplest
than the one the current steering-wheel airbag has to
provide. In mathematical terms its only a binary prob-
lem, a go or non-go one. A tumbling steering-wheel
should only get as far away and as quickly as possible,
no matter which is the trajectory of the driver’s head,
or its kinetic energy. Its ECU’s algorithm should only
decide if a crash has happened with broader restraints
and should need fewer sensors.

However, and as said before, the feasibility of
both solutions (a more efficacious steering-wheel
airbag and a tumbling steering-wheel column) are
only analyzed from a general and synergistic point of
view. So, the complete solution of a tumbling
steering-wheel column will not be developed. This
must be considered as a hint, a way of “laterally”
thinking, a way of reengineering an already complex
and expensive solution to make it simpler and —de-
sirably— better.

To conclude, and regarding the cost of this pro-
posed alternative, it can be stated that it would be
much lower than the current steering-wheel. On top
of that, the cost of setting the system to its original
state would be almost insignificant when compared to
the cost of repairing a triggered airbag.

CONCLUSIONS

“Entia non sunt multiplicanda praeter
necessitatem (Entities must not be multiplied beyond
necessity).” (allegedly, William of Ockham, c. 1285—
1349)

“Ockham's razor”, often incorrectly summarized
as "the simplest explanation is most likely the correct
one", suggests that we should tend towards simpler
theories until we can trade some simplicity for in-
creased explanatory power.

Figure 14. Simplicity.

Going back once more to the beginning, the pur-
pose of the steering-wheel airbag is to prevent the
driver’s head hitting the steering-wheel (which is in-
evitable since the head will continue its movement,
unrestrained). Yet, and taking into consideration the
problem from a different point of view it can be ar-
gued that another way of performing this protective
action is to move away the steering-wheel from the
driver. On the one hand, this proposed solution needs
drive-by-wire technology to be implemented. On the
other, fewer sensors and actuators, and simpler soft-
ware and embedded control units will be needed.

This papers proposes to replace the steering-wheel
airbag with a completely new device that could be
both more efficacious and less costly. In terms of
reengineering it is proposed not to continue the path
of continuous improvements, but finding new, inno-
vative, completely different ways of solving a prob-
lem.

Nevertheless, the following can be stated:

= maybe the alternative solution herein proposed
is not better than the current one.

= drastic changes in the automotive industry are
as deeply desired as fiercely feared.

= engineers have a secondary role in designing
an automobile, and generally they must follow
the restraints imposed by designers.

Therefore, and to conclude, this paper performed
a theoretical approach to a complex problem, pointing
out some aspects that should be developed thoroughly
within the corresponding settings and using appropri-
ate resources. But more than that, this papers gives a
hint about the necessity of some drastic changes in
the design of automobiles that must be conducted by
engineers, with no design restraints.

In this way, hopefully, things could be simpler and
better. And, again hopefully, more lives could be
saved.
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ABSTRACT

In the last 25 years the safety systems, such as seat belt,
airbag, and a stable body shell saved thousands of
people lives in traffic accidents. New test requirements
from local road administrations and consumer
protection programs (NCAPs) give the information of
the performance of modern cars to the consumer and the
way to improve safety to the automobile industry. So a
lot of work has been done to implement safety systems
in the complete vehicle fleet. This was the first and very
efficient step to reduce the number of fatal injured
passengers involved in a vehicle accident..

In Europe the number of killed people in traffic
accidents decreased enormously. The number of victims
in 2008 was 28.4% lower than 2001. In Germany the
figures show a reduction of the fatalities in the same
time period of 35.8%.

The new requirements on vehicle safety lead to very
complex restraint systems and to very stiff passenger
compartments, In case of an accident very stiff vehicle
compartments are raising the deceleration of the vehicle
body and the restraint systems had to working on a high
level of pretension force at a very short time. Systems
which were implemented to save lives could now be
contra productive and become a problem for persons
who are not able to withstand such high loads according
their stature, age or mass.

On the background of the demographic change the
number of elderly people driving cars is increasing.
This issue is getting more and more important in the
near future, because in the case of an accident their
body is not able to withstand those high loadings
induced by the restraint systems and the high
deceleration. Multiple fractures of the chest with
following injuries of internal organs and accelerations
injuries of inner organs and soft tissue are the result of
this high deceleration and loadings. Also smaller and
even younger passengers will be affected by this
dynamic behaviour due to the belt routing and
positioning of the passenger according the vehicle
interior. The data evaluation of the GIDAS [1] and
ADAC [2] accident data base is showing a lot of real
life crashes were injuries could be detected which are
more severe than seen in consumer crash tests, while
the accident parameters are comparable with those of
the crash tests. Especially women, small and elderly

people have a higher risk of injuries. New test methods
and smarter restraint systems could help to indicate
problems and safe lives in accidents.

INTRODUCTION

Starting in the 90°s, a lot of efforts were done to push
the safety of passenger cars. Under the pressure of tests
done by consumer test houses, mandatory crash tests
were introduced by the government all over the world to
make sure that only cars with basic safety behaviour
will be sold Consumer crash test programs raised the
bar on the requirements of the test results. Nowadays
several NCAP’s (New Car Assessment Program) are
established all around the world. Even in mid and low
income countries safety is an aspect which is addressed
by new programs such as the Latin NCAP. The
following paper uses accident data for Germany,
addressing the chest injuries in frontal impact crashes.
but the results could be transferred to other Centre
European countries, too.

The data evaluation of the accident data base of the
ADAC accident research showed several accidents with
passenger cars involved causing severe injuries of the
vehicle passengers or even killed passengers while the
performance of the car showed good results in
consumer crash tests. With nearly the same boundary
conditions, than in a consumer crash test, in impact
velocity and overlap, the difference between the rated
injuries and the real ones were significant.

With GIDAS data a deeper investigation was done on
this issue using both data bases as source of information.
GIDAS (German In-Depth Accident Study) is the
largest accident study in Germany.

The data collected in the GIDAS project is very
extensive, and serves as a basis of knowledge for
different groups of interest. Representativity compared
to the federal statistic is guaranteed due to several
processes.

Since mid 1999, the GIDAS project collects about 2000
accidents in the areas of the cities Hanover and Dresden
per year. The project is supported by the Federal
Highway Research Institute (BASt) and the German
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Association for Research in Automobile Technology
(FAT). "

The ADAC Accident Research Project

The “Yellow Angels” of the ADAC air rescue service
(HEMS) give medical care to those injured in road
accidents which is an essential part of their rescue
missions.

Since June 2005, data of nine ADAC HEMS
(Helicopter Emergency Medical Service) bases of road
accidents is collected and have been closely examined..
Approx.1,600 road accidents per year are investigated.
Each case is analysed retrospectively. The study is
based on several pillars (Figure 1). With the information
gathered from various sources, accidents can be
accurately analysed and evaluated.

‘ ADAC HEMS ‘

Hospitals ‘ ‘ Police/public prosecutor

ADAC accident research

Fire brigades ‘ ‘ Experts

Forensic medicine

Figure 1. Structure of ADAC Accident research

Despite the fact that details, such as reason of the
accident, injury patterns vehicle specifications are well
known and medical data is available, this project has
restrictions due to the fact that helicopters only work by
daylight, on urban areas, seldom in cities and are called
for severe accidents.

The combination of the results of both research
activities delivers a very good data basis including
representative accident data and a lot of accidents on
urban roads were the more severe injuries occur.

ACCIDENT DATA ANALYSES

A detailed analysis of frontal impacts was carried out
using data from the German In-Depth Accident Study,
GIDAS including accidents from 1999 to 2010.

fatally
injured
2,8%

unknown
0,1%

slightly
injured
68,8%

Figure 2. (GIDAS) Severity of accidents with
passenger car involvement — Official classification,
n=12967

Figure 2 shows a percentage of 2,8% fatal injuries in the
last decade, while 28% were severely injured, expressed
in MAIS, 19,3% had MAIS 2, 4,6% MAIS 3, 1,4%
MAIS 4, 10% MAIS 5 and 0,6% MAIS 6 injuries.
Focused on the life threatening and fatal injuries the
related number of the ADAC database shows a
comparable result, while the number of severely injured
persons is quite higher depending on the scaling and the
focus on severe accidents.

Proportion of the injury severity in frontal car impacts in the
ADAC accident research
(n=1.886)

Fatal Injuries

3% Slight Injuries

6%

Life threatening
injuries
28%

Severe injuries
63%

FIGURE 3. (ADAC) Severity of accidents with
frontal car impacts — ADAC Classification, n=1886)

Both databases are showing a higher number of fatal
injuries than the federal statistic, where the percentage
of fatal injuries is close to 2%.

The issue to be investigated is the frontal impact and the
restrain systems activated in this kind of accident, with
the main focus on the seat belt and its function.

The distribution of impact types of passenger cars is
listed in Figure 4. in 28% a single front accident occurs
(n=5475) and in 73% the opponent is an other passenger
car.
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4,5% @ Single Front

28,5%
7.8% n=5475

5,0%

B Single Side
O Single Rear
O Multiple

14.7% B Cyclist

O Pedestrian

13,0% ® Rollover

O unknown /
10,0% other

16,4%

Figure 4 (GIDAS) Impact types of passenger cars,
n=19195

While the percentage of the single front accidents with
45% is higher in the ADAC Database than in GIDAS
the percentage of 77% in the car to car is quite close in
comparison.

Proportion of the collision partners in frontal car
accidents of the ADAC accident research
(n=724)

Car vs. HGV
15%

Car vs. car
7%
Others
7%

Frontal single car accidents: 11%

Figure 5 (ADAC) Constellation of impacts, n=724

A more detailed view on the type of cars involved in
single frontal accidents with another vehicle show in
76% a kerb weight from 750 to 1500kg, respectively
84% in the ADAC database, so the compact, lower mid
class and the mid class are the cars to be involved most
common in a traffic accident. These cars will be deeper
analysed in the chapter of Euro NCAP test evaluation.

40%

31,9%

30%

18,7%

20%

10%

28,5%

1.8%

0,6%
0%

>2000 unknown

500-750 751- 1001- 1251- 1501- 1751-
1000 1250 1500 1750 2000

kg
Figure 6. (GIDAS) Kerb weight of passenger cars in
single frontal impacts, n=5475

A further interesting detail of the cars involved in a
frontal impact is the year of first registration to take the
safety standard into account. The distribution of first
registration is shown in Figure 7. More than 50% of the
cars involved in single frontal car to cars impacts are

first registered after 1996 and even 15,8% are not older
than 10 years and 58% are equipped with a frontal
airbag in the GIDAS database.

40% -

29,7% 29,3%
30% i

20% 1 28,5% 15,8%
10,2%
10% A
i - i
0% : ; . —

<1990 1991-1995 1996 -2000 2001 -2005 >2005 unknown

Figure 7. (GIDAS) Year of first registration of
passenger cars in single frontal impacts, n=5475

In fact the numbers of fitment rate differs between the
two databases. Instead of 58% fitment rate of frontal
airbags the percentage in the ADAC database is 70%
which is higher and maybe an indication of a newer
vehicle fleet which is detected. The first registration is
not captured by the research team of ADAC.

Airbag fitting rates in the frontal car impact cases of
the ADAC accident research
(n=1.764)

Front airbags
deployed
53%

No airbags fitted
32%

Front airbags
not deployed
15%

Figure 8. (ADAC) Airbags in passenger cars in
frontal impacts

The MAIS distribution in the single frontal impact of
belted occupants reflects a picture seen from the
national accident statistics, were the number of severe
and deadly injured car occupants is decreasing over the
last decade. Most of the belted occupants have very
minor injuries MAIS 0 or MAIS 1. MAIS 2 and MAIS
3+ representing the more sever injuries is only
registered by 6.6% respectively 2%.

Sandner 3



60%

5006 | [53.5%

40% +—|

35,2%
30% -

20% +

10% +—

- 2,0% 2,6%
0% T T

MAIS 0 MAIS 1 MAIS 2 MAIS 3+ unknown

Figure 9. (GIDAS) MAIS distribution of belted front
seat occupants in passenger cars in single frontal
impacts, n=6102

Dividing up the MAIS 1 and MAIS 3+ into the year of
registration and the age of the injured occupants the
following graphs show some different tendencies.
Figure 10 is showing the trend of less MAIS 1 injuries
according the built level of the cars. The younger the
vehicles built level the less percentage of minor injuries
occurs. This trend could be seen for all injured
occupants not depending on the age. All specific age
groups are showing the same trend lines.

65%

MAIS 1+

35% T T
<1990 1991 -1995 1996-2000
Year of first registration

2001-2005

18-24 ——25-55 ——56-65 —>65 —All
years years years years occupants
n=457 n=998 n=200 n=182

Figure 10. (GIDAS) Share of MAIS 1+ injured
belted front seat occupants of passenger cars in
single frontal impacts

This picture changes with the MAIS 3+ injuries divided
up into the built level of the car and the age of the
injured occupants. For the 25 to 65 year olds the trend
of the reduction of MAIS3+ injuries seems so be
equally to the MAIS 1+ injuries, but for young persons
and especially for persons over the age of 65 the risk of
a MAIS 3+ injury in a car of the built level 2000 and
later is increasing. The trend of all MAIS 3+ injuries is
therefore constant, with tendency of slightly rising than
decreasing.

10%

MAIS 3+

8%

6% -

2% -

0% T T
<1990 1991 -1995 1996-2000
Year of first registration

2001-2005

18-24 ——25-55 ——56-65 ——>65 —All
years years years years
n=30 n=41 n=11 n=20

Figure 11.(GIDAS) Share of MAIS 3+ injured belted
front seat occupants of passenger cars in single
frontal impacts

A similar situation is documented in the ADAC
database. While a decreasing number of life threatening
injuries could be recognized in vehicles from 1991 till
2000 in comparison to vehicles of the model year
before1990, the number of severe injury increased. So
the injury severity could be reduced over all. The
fatality rate was also reduced at the same time. But this
positive trend could not be seen in the following model
years from 2001 to 2005 and from 2006 to 2010 were a
stagnation of the severe injuries could be recognized
and on the other hand a slightly increase of the life
threatening injuries could be also recognized. The
percentage of fatalities is constant in that situation;
taking into account the number of cases for the brand
new car is less than the model year from 2001 to 2005.
This effect seems to be caused by the more stable
vehicle cells, which were an improvement in the mid
end of the 90s. Deeper investigation will be done later
in this paper.

Injury severity in frontal impacts of passenger cars related to the
year of model in the ADAC accident research

100% - n=37 n=227 n=130 n=62
90%
80%
70%
60%
50%
40%
30%
20%
10% A
0%

m Fatal injuries

m Life threatening injuries
@ Severe injuries

@ Slight injuries

bis 1990 1991 - 2000 2001 - 2005 2006 - 2010

Figurel2. (ADAC) injury severity in frontal impacts
according the year of production

A more detailed look into the accident data dividing up
the occupants according their age show that elderly
people have a higher risk of fatal, life threatening and
severe injuries, starting at the age of 30, were the
numbers of injuries is increasing especially of severe
injuries (04). From 70 years onwards the percentage of
life threatening injuries is increasing as the fatal number
does. This development is caused by the physical
condition of the occupant due to his age, were the
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skeleton, muscles etc. are no resisting in the same way
than in the age of 20 to 30. The classification of the
ADAC accident data is the following:

The classification of the injury severity bases on 7 steps
with:

01 = Slight Injury

02 = Ambulatory Treatment

03 = Stationary Treatment

04 = Possible imminent mortal danger

05 = Imminent mortal danger

06 = Sufficient cardiopulmonary resuscitation

07 = Exitus, insufficient cardiopulmonary resuscitation

This classification gives details about the overall
situation of the accident victim comparable to MAIS.

Injury severity of car occupants in frontal impacts in the ADAC
accident research (Cars year of manufacturing <=2000)

100%

90%

80% -

70% -
60%
50%
40%
30%
20%
10% -
0% . =] .
12-21 30-40 70-100

Age of the occupants

Figurel3 (ADAC) injury severity in frontal impacts
with cars of MY <=2000, related to the age of
occupants,

But this fact seems to get a bigger problem in cars of
model year 2001 onwards, were the percentage of fatal
and life threatening injuries is increasing for the
passengers of 70 years plus. The occupants of the age of
30 to 40 are still protected quite well and even better
protected than in a car of an earlier built level. The
number of no or only slightly injured young occupants
is developing in a positive way, but at the same time the
fatalities from occupants from 12 to 21 are increasing in
the cars of a newer built level.

Injury severity of car occupants in frontal impacts in the ADAC
accident research (Cars year of manufacturing >2000)

100%
90%
80%
70%

60%
50%
40%
30%
20%
o [
o |

12-21 30-40 70-100

Age of the occupants

FIGURE14. (ADAC) injury severity in frontal
impacts with cars of MY >2000, related to the age of
occupants

The following data evaluation is focused on the Thorax
area, because this area was seen the demanding one for
higher injury risk, while the test results show nearly no
problem at that area at all. The maximum thorax injury
could be seen in the GIDAS data evaluation of Figure
15. The highest percentage of AIS 0 is fixed to the
occupants of the age of 18 to 24, but up to the age of 18
and from 24 onwards the risk of an AIS 1 and AIS3+
injury is increasing. This might be transferred to the
stress capacity of a human depending on the age. So a
deeper look inside this data is needed to differentiate
according the age and sex of the occupant and the age
of the cars to deliver a better picture

4,7% 1,9% 2,5% 2,6%
100% — 2,8%
W—TT‘I g unnonn
90% 1 [ | 148% [ | |
17.2% AIS 3+
18,7%
80% 4| [ — — 1 224% |— -
24,1%
mAS?2
70% +— [— [ [— [— |
81,4%
77,5% OAS1
oo 73,8%
6 1| - [ - - [
68,5% 65.7%
OASO
50% T T T T
13-17 18-24 25-55 56-65 >65
years years years years years
n=107 n=1345 n=3193 n=620 n=581

Figure 15 (GIDAS) Maximum thorax injury severity
of belted front seat occupants of passenger cars in
single frontal collisions by occupant age, n=5846

In accidents with cars of a built level before 1990 in
comparison to cars younger than 2005 a continuous
decrease of AIS 1,2 and 3+ for chest injuries could be
seen for the group of occupants <=55years. This is a
positive trend and shows the capability of modern cars
compared to cars from an earlier decade. For elder
occupants from 55 onwards the trend of a reduction of
AIS 1, 2 and 3+ is obvious for cars with built level up to
the end of the 90°s. The discrepancy between elderly
and younger people is rising in cars of a built level from
2000 onwards.

50%
o l
30%

20%

DAS1 [DAS2 BAS3+

10% 16,9%)

26,9%|
. 22,1% 19%
103%

<=56 >55

years  years

n=702  n=255
2001-2005

0%

<=55 >55

years  years

n=1339  n=389
1996 - 2000

<=55 >55

years  years

n=1429  n=309
1991-1995

<=55 >55

Occ.Age years  years
n=603  n=118

Veh.Reg. Year <1990

<=55 >55

years  years

n=117 - n=22
>2005

<=55 >55

years  years
=455 n=108
unknown

Figure 16.(GIDAS)Maximum thorax injury severity
of elderly compared to younger belted front seat
occupants of passenger cars in single frontal
collisions, n=5846
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A comparison on the same basis, built level of vehicles
in accordance with the gender of the occupants show
that there is a difference in the thorax injury between
male and female. Starting at the built level of cars in the
90"s and younger the number of AIS 1 injuries for male
is continuous decreasing and halved from 14.4% to
7.1% for cars of the built level 2005 and younger. At
the same time the AIS 2 injures were reduced from
3.1% to 0.7%, while the AIS 3+ injuries are nearly
constant or slightly increasing. Contrary to the male the
females’ numbers show no significant reduction of
thorax injuries of the last decades. Neither the AIS 1
Injuries nor the AIS3+ injuries were reduced
significantly with the younger built level of cars.

40%
OAS1 DAS2 BAS3+

30%

20%

26,3%)
10%
14,4%

14,6%)

23,2%

23,1%

12,1%

24,6%

22,7%)
14,4%

71%

284%

male female
n=341 n=243
unknown

male female
n=99 n=44
>2005

male female
n=604  n=386
2001 - 2005

male female
n=1006  n=786
1996 - 2000

male female
n=1039  n=746
1991 - 1995

male female
n=458 n=285
Veh.Reg. Year <1990

Figure 17 (GIDAS)Maximum thorax injury severity
of male compared to female belted front seat
occupants of passenger cars in single frontal
collisions; N=6037

Comparable data could be found in the ADAC accident
data. There the risk of severe, life threatening and
deadly Thorax injuries is 30% higher for female than
for male, while the percentage for deadly injuries is 4
times higher for male than for female.

The AIS 1 Thorax injuries have nearly the same
percentage for each gender.

Distribution of the severity of chest injuries (female
occupants) in frontal passenger car accidents in the ADAC
accident research

critical - life

threatening ~ fatal

slight

7% 1% 12%

severe - life
threatening
22%

moderate
26%

severe - not life
threatening
32%

Figure 18. (ADAC) Thorax injury severity of female
belted front seat occupants of passenger cars, n=80

Distribution of the severity of chest injuries (male occupants)
in frontal passenger car accidents in the ADAC accident
research

critical - life fatal

slight
15%
severe - life
threatening
11%

severe - not life
threatening
25%

moderate
39%

Figure 19 (ADAC)Thorax injury severity of male
belted front seat occupants of passenger cars, n=99

A further comparison between the time of first
registration and the height of occupants should give
answer if there is a trend that young, midsized male
occupants will have less risk of injuries in a frontal
impact accident than other people of the population.

A constant decrease of AIS 1 injuries could be realized
for persons below 165cm while the AIS 1 injuries for
persons > 165cm are nearly constant up to a slightly
decrease which is also the case for AIS 2 while AIS 3+
is decreasing over the building periods. This counts for
vehicles of a built level up to the year 2000. But from
the built level 2000 onwards the injury risk for smaller
persons is increasing. So overall a higher risk for
smaller occupants of Thorax injuries could be realized
in cars of s younger built level.

50%

OAS1 OAS2 BAS3+

33,0%
29.2%

22,9%

11,0%)

>165cm <= 165cm
n=292 n=88
unknown

>165cm <= 165cm
n=603  n=178
2001 - 2005

>165cm <= 165cm
n=82 n=24
>2005

>165cm <= 165cm
n=1019  n=364
1996 - 2000

>165cm  <=165cm
n=450  n=130
Veh.Reg. Year <1990

>165cm <= 165cm
n=1079  n=312
1991 -1995

Figure 20 (GIDAS) Maximum thorax injury severity
of tall (>165cm) compared to small (<=165cm) belted
front seat occupants of passenger cars in single
frontal collisions, n=4621
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EVALUATION OF EURO NCAP TEST RESULTS
COMPARED TO REAL LIFE ACCIDENTS

A stable vehicle body is the fist and important step
toward a save vehicle. To minimize intrusions and
deformation was a big step forward in the early 90"s
and nowadays nearly 100 of the tested cars in Euro
NCAP show no problems with cell stability at all. This
trend could also be seen in the ADAC database, were
nearly 70% of all frontal impacts have no deformation
of the vehicle cell. The following figure shows the
distribution in CDC level of deformation while
deformation of the zones 1 to 6 will not affect the
passenger cell.

Distribution of the deformation extent in frontal car
impacts (ADAC Accident research)
(n=417)

CDC Zonen 1+2

CDC Zonen 7-9 -~ L

11% ~N
CDC Zonen 3+4
38%

CDC Zone 6
20%

Deformation extent without
compartment deformations

1
CDC Zone 5
18%

FIGURE 21 (ADAC), CDC LEVEL OF
DEFORMATION IN FRONTAL IMPACT OF
CARS

Deformation extent of the front end of passenger cars in frontal
impacts in the ADAC accident research

o Rk N W A O O

bis 1990 1991 - 2000 2001 - 2005 2006 - 2010

year of manufacturing

FIGURE 22 (ADAC), CDC LEVEL OF
DEFORMATION ACCORING THE BUILT
LEVEL

The result of stable passenger compartments and no
intrusion in the vehicle interior is the reduction of the
crumble zone to the vehicle front, while the length of
the zone is limited towards the a-pillar.

The overall result out of this reduction of deformation
area is a higher deceleration of the cars during an
impact. This could also be found while analysing the
vehicle decelerations of cars tested by Euro NCAP,
especially the vehicles of the compact class and the
vehicles of the small sized cars and SUV’s show higher
decelerations of the latest model than the earlier built
level ones. Not only the maximum deceleration rises,
also the mid deceleration is higher.

Development of the vehicle decelerations in crashtests related to
vehicle classes

366 5 365

Deceleration [g]

Large family cars suv
O Time period of testing 2000 - 2004
m Time period of testing 2005 - 2010

FIGURE 23 (ADAC), SHIFT OF VEHICLE
ACCELERATIONS OVER THE YEARS

Minis and Superminis  Small family cars

Vehicle class

A more detailed look on several cars of this classes
show a rising deceleration with the introduction of the
new model.

Development of the vehicle decelerations in crashtests linked to individual
models

Ford Ka Ford Opel VW BMW VW Opel Opel
Fiesta Corsa Polo 3er Golf Astra  Vectra
Vehicle

O Time period of testing 2000 - 2004
| Time period of testing 2005 - 2010

FIGURE 24 (ADAC), EXAMPLES OF THE
SHIFTING OF ACCELERATION OF NEW
MODELS

High accelerations could cause severe injuries. The
analyses of the accidents including the reports from the
medical rescue services and the hospitals are showing
internal haemorrhaging due to injuries of the inner
organs in the abdominal, lung and pelvic area. There are
several reasons responsible for this kind of injuries. The
most important point of all is the deceleration, which is
responsible for the shifting of the inner organs. Only the
blood vessels and the nerve fibres prevent them of
further movement, resulting in damages of the nerves
and the possibility of destruction of the arteries and
veins this could cause the inner bleedings which could
not be observed quite fast but in those cases very fast
help is necessary.

Another mechanism of the deceleration is affecting the
tissue fluids, such as water, blood etc. which is resulting
in a higher intercellular pressure causing ruptures and
other injuries of the tissue structures.

Figure 25 shows a comparison of chest acceleration of
new cars tested in2004and before and after 2005.

It is obvious, that the accelerations measured in the
chest area are significantly higher for superminis and
SUV’s of a later built level.
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Development of the chest accelerations in crashtests related to vehicle
classes
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FIGURE 25 (ADAC), SHIFTING OF CHEST
ACCELERATION OVER THE YEARS

The higher level of accelerations in the chest area seems
to be responsible of the higher injury rate especially of
elderly people.

But there is also an increase of risk for younger, smaller
people, see Figure 13 and 14. This may be the result of
safety systems working not perfect for all kind of
humans. An adaption and optimization of the restraint
systems to a certain group may be the reason fort his
findings. The loading of the chest could be reduced by
the load limiter, which is used in nearly every new car.
Over the last years the limitation force in Euro NCAP
tests is between 4 and 5 kN. In only a few cases the
limitation force is higher, then up to 6kN or lower down
to 3,5kN.

But even with the use of the limitation of 4 to 5kN the
chest acceleration raised over the years causing
acceleration injuries and fractures. A logical correlation
between the belt forces, chest acceleration and chest
deflexion could not be seen in the Euro NCAP data.

The following risk curves are showing the correlation
between the forces, age and the risk of an AIS 3+
injury.

Thoracic Injury Risk Curve (AIS3+)
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Figure 4. Probability of severe thoracke injuries (AIS3 or more severe) depending on the
shoulder belt foree and the occupant’s age /7/

FIGURE 26 THORACIC RISK CURVES
DEPENDING ON SHOULDER FORCE AND AGE

[3]

CONCLUSIONS

The study of German accident data and accident
statistics are showing a positive trend in reducing traffic
accidents and also in the reduction of killed people in
traffic accidents.

This numbers could also be seen in the European
accident data.

So in general the injury severity of belted front seat
occupants is on a very low level right now. The
implication of consumer tests such as Euro NCAP is
showing a positive effect in the development of passive
safety over the last decade.

So the share of injured occupants decreased from 50%
in vehicle models registered before 1990 down to 40%
in models registered after the year 2000.

But a deeper look in the accident data and the injured
body regions are showing problems in the thorax area.
In those cases the injuries of the occupants in the real
life accidents were not comparable with the tests
conducted for consumer test programs, even when the
vehicle and the kind of impact were comparable.
Especially for elderly occupants, which are in general
more frequently injured, independent from the vehicle
age, seems to exist a slightly increased risk.

The risk for female occupants to suffer thoracic injuries
however this is only observable on minor injury levels
AIS 1-2 [1], while the ADAC data is showing a risk of
1.4 times higher for life threatening injuries.

For smaller persons <165cm there is also in increasing
risk of thorax injuries at the level of AIS 1-2.

Future developments in consumer test programs should
take this development into account. The actual test
condition and the actual dummy is not able to reflect the
injuries in the Thorax area. Investigation should be put
in the development of new test tools to address this
issue. A short term solution would be the use of results
of the Thorax project and an update of the actual
dummy and injury criteria.

Consumer Test/Accident Research

T. Unger, ADAC
V. Sandner, ADAC
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ABSTRACT

Current passive safety standards have already
achieved a very high level of occupant protection.
This is confirmed year by year through declining
numbers of traffic related fatalities. This trersl i
assumed to continue because more and more
vehicles on the road are designed to fulfill strong
safety requirements especially in high speed
crashes.

In order to further improve frontal crash protentio
active safety systems like automatic braking
systems are introduced to the market. These
systems are designed to mitigate the crash severity
and they are expected to have a great impact in
further reducing the number of injured persons in
traffic accidents.

This paper will discuss a method to estimate field
effectiveness of an automatic braking system in
combination with an adaptive restraint system in
frontal crashes.

The method is based on the German In-Depth
Accident Study GIDAS. Accidents are clustered in
relevant car-to-car scenarios. In each scenario the
effect of an automatic braking system and of an
adaptive restraint system on the injury outcome is
analyzed. The sum of all the injury risks is
weighted with the relevance of each scenario and
the expected value of MAIS3+ injured persons is
calculated with and without the integrated safety
system.

INTRODUCTION

In the year 2009 more than 35.000 fatalities
occurred in the EU in traffic accidents and more
than 1.5 million persons were injured. The cost for
society of these accidents including physical and
psychological damage to the victims and their
families represent approximately 130 billion € in
2009. Based on that societal burden the European

commission proposes to continue with the target of
reducing the overall number of road deaths by half
in the European Union by 2020 starting from 2010.
In order to achieve this strategic goal the Eurapea
commission has identified seven objectives for the
next decade. Two of these objectives are safer
vehicles and promoting the use of modern
technology such as advanced driver assistance
systems [1].

During the last decades also in the U.S. a great
success in increasing road safety was achieved as
Figure 1 shows.

Fatality Rate per 100 Millon Vehicle Miles Traveled
0

Injury Rate: per 100 Milian Vahicle Miles Travelad
200

400 N o0
| i I I I I I
0
8 1992 1995 2000 2004 2009
0co HUHAHAN N NNNNNH}H

1966 970 1974 1978 1982 1988 1992 1996 2000 2004 2009

Figure 1. Motor Vehicle Fatality and Injury
Rates per 100 Million Vehicle Miles Traveled,
1966-2009 in the US [2]

From 2008 to 2009 fatal crashes decreased by 9.9
percent, and the fatality rate reduced in 2009 to
1.13 fatalities per 100 million vehicle miles of
travel. Furthermore, the injury rate per 100 miilio
vehicle miles traveled decreased by 6.3 percent
from 2008 to 2009. The decreased numbers of
fatalities certainly are a result of common effarts
the fields of regulatory and traffic laws,
enforcement, infrastructure, traffic education, tpos
accident care and vehicle technology. Regarding
vehicle technology a lot of new safety technologies
within the last 50 years have contributed to this
positive trend. Although passive safety systems are
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nowadays well-engineered there is still room for
improvements. Moreover, the trend in car safety is
towards integrated and adaptive safety systems.

Active safety systems like automatic braking
systems are designed to mitigate crash severity.
These systems have already been introduced to the
market, because they are expected to be very
effective in reducing the injury outcome of traffic
accidents. The most current efforts in development
of restraint systems tend towards adapting the
restraint performance to different crash parameters
In order to realize such an adaptive restraint
performance new components like adaptive airbags
and adaptive load limiters have been developed and
already found their way to the market.

Therefore, the largest benefit for reducing the
injury outcome in traffic accidents is expected by
combining active and passive safety systems to an
integrated system. Such an integrated safety system
is not only effective during the accident. In gexier

it assists the driver in the complete accident
causation process (see Figure 2).

collision avoidance

> driver
collision mitigation

condtioning passive safety

normal
% | driving
condition

critical

st
andite o >
condition Bk

Figure 2. Process of accident causation and
operating scheme of integrated safety systems

[3]

In regular driving situations, condition safetytbé
driver should be assisted. That means that a good
physical and psychological condition of the driver
has to be assured. To this category belong all
activities and systems supporting the reduction of
the driver's workload and thus hold the probability
for errors as low as possible. An example of such a
system is driving comfort, air conditioning or seat
design. In critical and instable driving situatioas
integrated safety system helps to avoid an accident
or to mitigate the accident severity via adequate
countermeasures of the driver or an automatic
system like an emergency braking system. If the
collision cannot be avoided, passive safety
measures will mitigate the accident outcome. The
main issue is the evaluation of the efficiency of
such an integrated safety system.

unstable
driving
condition

collision
unavoldable

Benefits of passive safety systems can be evaluated
by means of crash tests. These crash tests are

crucial and an indisputable method to develop cars
which provide maximum protection for vehicle
occupants as well as pedestrians and other road
users. Repeatability is an important requirement in
crash tests which can be achieved by standardized
test configurations, the test itself and the
instrumentation. Crash tests enable a view into
higher accident severities compared to real world
accident databases.

Active safety systems intervene before the coltisio
and therefore modify the entire accident sequence.

Actuator

Functional
algorithm

Sensor
technologies

Figure 3. Components of an active safety system

[4]

Figure 3 shows the components of an active safety
system. An example of such a system is a crash
imminent braking system. A sensor monitors the
environment in front of a vehicle. If a critical
situation occurs an algorithm determines whether a
driver has already applied full braking power or
not. If he has not and the collision is unavoidable
braking actuator is activated and mitigates the
accident severity. But how efficient is such an
active safety system? Nowadays there are only a
few methods available for evaluating the efficiency
of an active safety system.

benefit

efficiency

Passive
L g Safety

time

Figure 4. Estimated benefit of integrated safety
systems [3]

Figure 4 shows the expected benefits of active and
passive safety measurements. Passive
measurements have already reached a very high
level and a good market penetration. For the future
active safety systems are expected to have a large
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potential for improving safety system benefits, but
their market penetration is still poor. So the
maximum  efficiency is expected through
combining active and passive measurements in an
integrated safety system.

Therefore, the objective of this paper is the
presentation of a method enabling the computation
of the efficiency of such an integrated safety
system based on real accident data.

STATE-OF-THE-ART

Busch [5] developed an assessment methodology
for the prediction of safety benefits of a driver
assistance system such as brake assist or an
emergency braking system. Figure 5 shows the
schematic process of the automated individual case
analysis.

The required data is taken from GIDAS (German
In-Depth Accident Study) [6]. At first the real
accident scenario sequence from GIDAS s
simulated without any active safety systems.
Second, a kind of virtual prototype is generated, i
accident scenarios are simulated with an active
safety system. The simulation requires the change
of each single scenario when an active system like
an emergency brake is available. At first a safety
benefit is calculated based on changes of physical
measurements, e. g. reduced collision speed.

\ GIDAS database |

[ Virtual prototype |
]

simulation: real sequence of
accidentevents
(w/o safety system)

simulation: virtual sequence o
accidentevents
(with safety system)

\ Safety benefit (physical measures) |

Safety benefit (physiological measures) |

Figure 5: Schematic process of the automated
individual case analysis [5]

Besides the information on accident circumstances,
GIDAS also includes information on injuries of
persons involved in the accident. These injury data
are used to establish the so called injury-risk-
functions. These functions describe the relatignshi
of physical measurements such as collision speed
and the injury risk. By using this relationship the

calculation of a safety benefit of an active system
in terms of injury reduction is possible.

For the first time, this method provided an
assessment of active safety systems based on real
world accident data for all kinds of road traffic
participants such as car occupants, vulnerable road
users etc. This method is useful if the effectamf
active safety system on the changes of a crash
scenario outcome are easy to model. But if the
complexity of an integrated safety system grows a
new procedure to evaluate the effects has to be
developed. That means that in each discrete time
step the changes in the environment and in the
decision making module of the active safety system
is necessary to be analyzed. Therefore, the
methodology from [5] had been revised and
enlarged in [7].

The assessment method, PreEffect-iFGS, presents a
procedure to assess the real-world safety berkefit o
integrated pedestrian protection safety systems
(IPPSS). The schematic procedure is depicted in
Figure 6. Initially, the real-world accident data
from GIDAS are imported in a system simulation
tool for reconstructing the original event of the
accident into a simulation scenario. Next the
changes to the original event of the accident Beca
of the existence of an integrated safety system is
analyzed. For this each system component like
sensor technology, algorithm or actuator is
modeled. In an early stage of the system
development general idealistic assumptions are
made for these component models. Later on in the
development process these component models are
getting more and more realistic by using test ttata
validate the component models. The influence of
various passive safety measures is implemented via
modeling varying injury-risk-functions using the
“Injury-Shift-Method” described in [8]. Depending
on the location of the pedestrian impact on the
vehicle, injuries will be reduced to minor injury i
the passive safety system of the car shows good
results at the point of impact. The effect of the
safety system in the event of the accident is
simulated based on the original scenario. Modified
physical measures are also correlated to a risk of
injury for each individual case allowing
determination of the safety benefit of an IPPSS in
terms of reduction of injured pedestrians for
various active and passive components.

Ressle | 3



(—.—r—r——‘ Testing
Active components

mEE o
4 — =
B | 1 Preciect-IFGS

System Injury-risk-

o = A i
~& %,H simulation function

Realworld accident data

System specification

Benefitresults

Testresults

TR
Passive components @

Figure 6. Method for assessment of integrate:
safety systems PreEffect-iFGS [7]

For the first time it is possible to model
integrated safety system for IPPSS with |
components. Even real algorithms can
implemented and their effect on the -world
accident data can be determined.

The main focus of this method lies on ind
pedestrians and not on occupants. However, el
of an automatidraking system on a driver or t
effect of various adaptive restraint systems is
considered. Therefore, taking into account
safety benefit of integrated safety systems ii-to-
car collisions, PreEffedFGS has to be extende

In [9] a new method to determine the safety bel
of integrated safety systems in ¢afrear collisions
based on actual realerld accident data |
presented. The schematic process of this meth
shown in Figure 7 displaying an improve
PreEffecttFGS methodology shown Figure 6.

The method is classified into two parts. In thst
part, the database is updated to current s
standards, i.e. the reported benefit from a n
integrated safety system is achieved not only
taking into account current safety standarbut
“on top” of these current standards.

& I~y PreEffect - integratedSafety

Figure 7. Method for assessment of integrate:
safety systems

In the second part, changes to the loads o
occupant because of the new integrated si
system are calculated via R&Zash ancoccupant
simulations.

METHOD

In this paper a first application of the mett
described in [9] on a subset of load caseth high
relevance in real world accidents is demonstre
In addition, an extension of the method towe
material damage will be present

Define Simulate Assess
P 7
) Braking Restraint
Function Function
Accident
daagese Sensor Sansor
' 4
Fitering Algorithm Algorithm
Clustering A J
Projecticn / Actuator Actuator
\
_1_ Irjury Material
B - ) Risk damage
Function Function
o=t - ]
LLA Accldent

PreCrash InCrasn database
AN -

\_Loacases )\ o
Figure 8. ThreeSteps to assess the effectivene

of an integrated safety systel

The method is divided into three steps. First
load cases of interest are defined. Therefore
accident database has to be chosen and analyz
those scenarios being very relevant for -world
accidents. The major goal of this paper is
calculation of the effectiveness of aautomatic
braking system in combination with an adap
restraint system in frontal crashes. Thereforey
frontal collided passenger cars will be conside
In the second step the implication of active
passive safetyystems on the road users and
vehicles is simulated. To determine the change
each impact because of zautomatic braking
system each scenario is simulated with-Crash.
The effect of an adaptive restraint system in te
of changed occupant loadss simulated in an
occupant simulatianin the third step for eac
simulated load case the changed risk of an Al
injury to the occupants is calculated. Furtherm
the changed impact speed is used for estimati
reduction to material dama

Step 1: Define

The method applies data from the-Depth
accident studysIDAS, which contais information
about the accident, affectevehicles and people
involved in the accident. GIDAS is the larg
project on investigation of accident data
Germany. Sincel999 about 2000 accidents |
year are collected in the greater areas of Hal
and Dresden according to a statistical samy
plan. GIDAS compiles only accidents with at le
one injured person [6].
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Figure 9. Distribution of the type of road users

For this study only accidents between passenger
cars are relevant. In Figure 9 the distributiornhef
type of road users is shown. 71% of all accident
participants in GIDAS are occupants of passenger
cars, MPVs, Minibuses or 4x4.

The distribution of the collision opponents of thes
71% involved people are shown in Figure 10. 54%

of the opponents are passenger cars themselves.

Another 10% of the opponents are objects like trees
or road signs. For this study only the collisions
between two passenger cars are considered.

= Passenger Car, MPV,
Minibus, 4x4

H Bicycle, Moped

¥ Pedestrian

= Motorcycle

H | arge Commercial

Vehicle
® Small Commercial

Vehicle
¥ Railroad, Tram
= Other Vehicle

no impact

= object
= Animal

Road, Terrain

Figure 10. Distribution of collision opponents of
passenger cars

Since several studies of real-world accidents have
shown that accidents could be avoided if the car is
equipped with an electronic stability program
(ESP) the EU Parliament requires ESP system
being obligatory in all new vehicles from 2013 on.
In the considered database 10% of the passenger

car occupants are involved in a skidding accident.
These accidents are removed from the database.

11% of the remaining occupants are involved in

multiple collisions, i.e. collisions between more

than two opponents. Such accidents are very
complex and the effect of active and passive safety
systems is limited by a lot of constraints and

assumptions. In order not to overestimate the effec
of such an integrated safety system only the first
collision between two opponents is considered.

Figure 11 shows the distribution of the vehicle
segments in the remaining database. The segments
are chosen according to the coding of the German

Kraftfahrtbundesamt (Federal Motor Transport
Authority).
® subcompact and
compact class
105_0%

H lower middle-sized
and middle-sized
class

= upper middle-sized
and luxury class

max4

® Truck

m delivery van

Figure 11. Distribution of the vehicle segments

In the chosen data from GIDAS about 94% of the
vehicles belong to the subcompact, compact, lower
middle-sized, middle-sized, upper middle-sized or
luxury class. Only 6% of the persons involved in
the accidents are occupants of a 4x4, Truck or
delivery van. Therefore, for the following analysis
these types of vehicles are no longer considered.

The distribution of the vehicle segments matches
the homologation numbers of the
Kraftfahrtbundesamt very well. That means that
each vehicle has the same probability to collide
with each other segment and therefore, no
combination of vehicle segments exists, which has
a larger probability of accident involvement.
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Figure 12.
database

Summary of the filtering of the

In Figure 12 a summary of the filter steps desctibe

above is shown. After all of these filter steps 27%
of the people in the GIDAS database remain. This
subset is considered for later analysis.

Next the database is analyzed concerning the
impact constellations. Each impact constellation is
described by the point of first impact and the angl
between the longitudinal vehicle axes at the
beginning of the crash.

1416

Figure 13. Clustering of the vehicle geometry

The point of first impact is defined as the diseanc
from the foremost point of the car to the impact
point towards the longitudinal vehicle axis and
from the middle of the vehicle to the left or right
To determine generic impact points the width of the
vehicles is sub-divided in seven equal sized parts
(see Figure 13). The length of the vehicles also is
divided in seven parts according to crash relevant

areas, for example A-pillar, middle of the driver’s
door or B-pillar.

In order to describe the point of first impact
regarding the clustering as shown in Figure 13
some assumptions have to be made. The
homologation statistic of the Kraftfahrtbundesamt
lists all the vehicles, including make and typed an
how many of this vehicle models are homologated.
From each segment of interest about 50% of the
homologated passenger cars are analyzed according
to their geometrical partition. The segments are
grouped as shown in Table 1.

Table 1.
Summary of the segments
ID Segment Combined
segmen
AO0 Subcompact class Small
AO Compact class
A Lower middle-sized class  Medium
B Middle-sized class
C Upper middle-sized class Large
D Luxury class

For each of the combined segments the mean value
of the clustering shown in Figure 13 is calculated
terms of percentage of the length of the car (see
Table 2).

Table 2.

Clustering of the crash relevant impact areas
Cluster Small Medium Large
AA 11% 11% 12%
AB 11% 12% 13%
B 17% 14% 12%
C 18% 14% 12%
D 17% 14% 12%
EA 13% 17% 19%
EB 13% 18% 20%

The combination of the points of first impact and
the impact angle describes the impact constellation
Figure 14 shows an example of the clustered
impact combinations. This combination describes a
rear-end collision with an angle of 45° between the
longitudinal vehicle axes.
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This type of clustering generates 140 impact
constellations which describe the selected database

Each of these constellations can be assigned to an
overall impact situation, e.g. rear-end collision.

3% 1% = front end-front end

= front end-left hand
side
= front end-rear end

= front end-rigth hand
side

® Jongitudinal traffic

11%

e

Figure 16. Distribution of seat occupancy

®vehicle driver
= front passenger|
rear passenger

In order to select scenarios with a high relevance
the field, in this analysis only the driver of the
frontal collided car is considered. About 66% df th
drivers are male and 34% are female. In step 2 of
the method (SIMULATE) the effect of passive
safety systems on the occupant is simulated with
HIll-dummies.

Table 3.
Comparison of the GIDAS population and
common dummy geometries

q
Av

= opposite traffic

Figure 15. Distribution of overall impact types

Figure 15 shows the distribution of these overall
impact types. About 40% of the selected occupants
are involved in rear-end collisions. Another 28%
are collisions between the front-ends of the
opponents.

For the following analysis only collisions with at
least one frontal collided vehicle are considered.
About 61% of the involved occupants of the
interesting database are passengers of frontal
collided cars, i.e. 16% of all the persons in the
GIDAS database according to Figure 12.

To determine the relevance of each scenario the
distribution of the seat occupancy has to be
analyzed (see Figure 16). 67% of the frontal
collided occupants are drivers, 22% are passengers
and 11% are sitting in the rear of the car.

Percentile] Weight| Weight | Height | Height
GIDAS | Hlll GIDAS | Hlll
dummy dummy
57 52kg | 54kg | 158cn] 152cmh
50" 74kg | 77.7kg] 173cm 175cm
95" 100 kg | 101kg| 188cm 188 cm

For this, the size and weight of the occupantfién t
database have to be compared with the dummy
geometry. Figure 17 and Figure 18 show the
cumulative distributions of the height and weight o
the occupants in GIDAS. In Table 3 the
comparison between the occupants in GIDAS and
the dummy geometries is listed. The dummy sizes
and the GIDAS occupant sizes are matching very
well.

100%
L. 80%
(8]
S 60%
=}
g 40%
'8
20%
0%
O W N O O T ON OO T AN WO I
< TN O O© ON~NMNOWODOWO,O O O O
R B B B I B I I B I B B I B R oV N )
height [cm]
Figure 17. Cumulative distribution of the

occupant height
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Figure 18. Cumulative distribution of the
occupant weight

The goal of this paper is do determine the efféct o
an automatic braking system in combination with
an adaptive restraint system based on real-world
accidents. Therefore, different accident severities
will be considered, to show the potential of the
adaptive restraint system. As a measurement for the
accident severity the change in velocity, due to

the collision is used.

20%
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Figure 19. Distribution of the Delta-v classes

Figure 19 shows the distribution afv in the
selected subset database. 20% of all frontal eallid
occupants suffered Av less or equal to 10km/h
and another 37% of this occupants are involved in
accidents withAv between 11 and 20km/h. In
summary about 57% of the frontal collided
occupants are involved in relatively low accident
severities.

In the next step representative accidents forhall t
accident severities are determined. For accident
severitiesAv less or equal to 40km/h (about 92% of
the frontal collided cars) fully covered rear-end
collisions with different relative collision veldas

are chosen. The relative collision velocity is the
velocity of the frontal collided vehicle minus the
velocity of the rear end collided vehicle at thedi

of collision.
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- 20%
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Figure 20. Cumulative distribution of Av in the
subset dataset

In Figure 20 the distribution ofv is supplemented
with the cumulative distribution. The first three
black marked points are representatives for a mid-
class crash severity. They are equivalent to
completely covered rear-end collisions with.qof

40, 50 and 60km/h.

As representatives for high-class crash severity
with Av greater than 40km/h two crash tests known
as the Euro NCAP and the US NCAP frontal crash
tests are selected (see Figure 21). These both test
cover about 99% of the accident severities in real
life accidents.

Euro NCAP US NCAP
]

@I 5

J7ZE0N\

Figure 21. Load cases foAv > 40km/h

Next the braking behavior of the driver has to be
analyzed.

If the driver adjusted an average deceleration rate
higher than 6mfghe deceleration is boosted up by
the brake assist system (BAS) to the maximum
available deceleration dependent on the ground in
each considered accident scenario. Because the EU
decided to regulate the installation of BAS in new
cars from November 2011 on, the effect of a 100%
equipment rate of the BAS has to be accounted for.
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Figure 22. Cumulative distribution of the

deceleration rate (BV) [10*m/g] in the subset
dataset

In Figure 22 the cumulative distribution of the
deceleration rate of the driver in the subset degtab

is shown. About 25% of these drivers are not
braking at all, another 30% of the drivers adjusted
deceleration rate less than 6f/Therefore, in
about 45% of the frontal collided accident
scenarios a BAS is boosting up the deceleration to
the maximum available deceleration rate. This
maximum deceleration rate is only limited by the
maximum transferable braking performance due to
ground floor restrictions in each considered
accident scenario. Based on this analysis an
automatic braking system is able to reduce the
collision speed in 55% of the subset database.

One possibility to account for the braking behavior
of the driver in the method is to introduce
weighting factors. Based on the analysis above for
the automatic braking system a weighting factor of
0.55 is introduced, whereas for the adaptive
restraint system a weighting factor of 1.0 is cimpse
because it is able to be fully effective in eacigk
accident.

In this section an exemplary filtering of the
database towards load cases with high relevance in
real life accident scenarios was conducted. In the
next step the influence of an automatic braking
system in combination with an adaptive restraint
system on the selected load cases will be simulated

Step 2: Simulate

Exemplarily for the mid-class crash severity
accidents the influence of an automatic braking
system is simulated based on three rear-end
collisions from GIDAS (ANB1 - ANB3). For that

these load cases are reconstructed in PC-Crash, one

of the most common accident reconstruction
software. In Table 4 the parameters of the original

scenarios and the changes to them, if an automatic
braking system (ANB) is active, are listed.

Table 4.

Parameters of the load cases ANB1-ANB3
Parameter ANB1 ANB2 ANB3
VO 40km/h 50km/h 60km/h
BV om/s om/g om/s
available 8.8m/$ 8.8m/$ 8.8m/$
friction
VK e 39km/h 50km/h 60km/h
VK o* 32km/h 39km/h 49km/h
AVK (g 7km/h 11km/h 11km/h

Compared to the original relative collision speed
VK, a reduction of 7-11km/hA{VK,) in these
load cases is possible. Definitely, the amount of
AVK e depends on the setting of relevant system
parameters and environmental circumstances.

Next, the effect of an adaptive restraint system on
the loads to the occupants is simulated. Such an
adaptive restraint system consists of an adaptive
belt and an adaptive airbag. The restraint behavior
of these adaptive components is adaptable to
specific parameters of real-world accidents. Sdvera
studies have shown that it is advantageous if the
adaptive components are able to adapt their
restraint behavior to the crash severity and to the
anthropometry of the occupants [10].

The effect of such an adaptive restraint system on
the loads on the occupants is simulated with
specific simulation software, e.g. PAM Crash.
Because current occupant compartments are
designed for high crash severities it is assumatl th
the occupant compartment is still stable in the
considered mid-class severity accidents. Therefore,
only one occupant compartment model is used for
the simulation of the different crash severities.

To determine the effect of an adaptive restraint
system, the scenarios ANB1-ANB3 and both the
load cases from Figure 21 are simulated three
times.

First of all, the original scenario without any
braking system and without an adaptive restraint
system is modeled. In a second step, the scenarios,
changed by a braking action, are simulated without
the adaptive restraint system. In a final step, the
changed scenarios with an adaptive restraint system
are modeled. As a result from the occupant
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simulation the different loads on the occupants are
calculated.

In the second step (SIMULATE) of the method, the

influence of an automatic braking system and an
adaptive restraint system on the selected loadscase
was simulated. In the third step of the method, the
effectiveness of these systems is estimated.

Step 3: Assess

In order to assess the effectiveness of an automati
braking system in combination with an adaptive

restraint system the simulated changes of the load
cases have to be transferred in terms of injury
reduction or reduction of material damage.

For determining the influence of changed occupant
loads on the injury outcome injury risk functions
have to be used. In order to provide for
comparability with legislation and consumerism at
the best, the injury risk curves from the FMVSS
208 [11] are used. The considered injury level is
the so called MAIS3+, i.e. all occupants with at
least one body region injured more than AIS 2 (AIS
stands for the Abbreviated Injury Scale). To
calculate the overall risk of an MAIS3+ injury the
assumption is made, that the injuries of each body
region are independent. The combined MAIS3+
injury risk is calculated after the new US NCAP
regulation for Ri.. For frontal collisions
combines the injury risks for the head, the nelog, t
chest and the femur.

In this way a change of injury risk can be evaldate
for each specific load case. The sum of all the
MAIS3+ injury risks is the expected number of
MAIS3+ injured persons in the specified load
cases. The reduction of MAIS3+ injured occupants
by a new system (like an automatic braking system
and/or an adaptive restraint system) defines the
field effectiveness of this system.

Besides the injury outcome also the changes to
material damage are of interest.

The material damage of a vehicle in an accident
depends on a lot of factors. In order to determine
the influence of automatic braking systems on the
material damage some assumptions have to be
done. First of all, the material damage of eachicar

limited by the residual value of the car. An anays

of the Schwacke-list [12] suggests an exponential
degeneration of the residual value over the age of

the car. Under the assumption that the residual
value after three years amounts to half the origina
price, the residual value dependent on the age of
the car can be calculated as

RV (f) = OVx23 1)

where RV is the residual value, t is the age of the
car in years and QV is the original value of the ca
Because the database contains a lot of different
cars, for each combined segment an average OV is
estimated (see Table 1).

Table 5.
Estimated average original value

Combined segment Estimated average O

Small 17.500 €

Medium 35.000 €

Large 75.000 €

In order to calculate the resulting cost of repajri
depending on the crash severity several crash tests
were analyzed. The analysis showed that the cost of
repairing is more or less directly correlated te th
crash severityAv. Therefore, a regression analysis
betweenAv? and the cost of repairing damage
(CORD) is conducted (see Figure 23).

CORD (Av*)=208.82xAv*-1048.5 2

Formula (2) describes the correlatioriof in
m?/s* and CORD in percentage of the OV.

100%
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Figure 23. Regression ofAv over the cost of
repairing damage

This function assumes that the cost of repairing
damage does not depend on the segment of the car.

The material damage (MD) calculates out of a
combination of formula (1) and (2).
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MD(AV2, {)=min (2.4 (RV (), CORD(AV*)xOV)
3)

The reduced cost of repairing is calculated out of
the difference from the original MD without the
braking system and the MD resulting from the
reducedAv.

As shown in this section the method allows an
estimation of the changes to the injury outcome of
occupants and the resulting material damage.

Summary and outlook

In this paper a method is described to calculate th
effect of an automatic braking system in
combination with an adaptive restraint system on
the injury outcome of the occupants and on the
material damage of the cars. The method is
presented via some exemplary load cases with a
high relevance in real-world accidents. The great
advantage of this method is its modular
composition.

The database can be replaced with other databases
(e.g. U.S. accident statistics), whereby differasnce
of vehicle populations or infrastructure can be
accounted for. Therefore, the method allows
estimating the effectiveness of integrated safety
systems for arbitrary nations. For a worldwide
prediction national accident databases have to be
analyzed. In this regard harmonized accident
databases with respect to representativeness, data
structure and parameters according to the German
In-Depth Accident Study GIDAS are required.

In the method the functions for determining the
injury outcome and the material damage can be
easily replaced by other functions. So the metkod i
easily adoptable to the latest scientific findinfgs,
example renewed injury risk functions. Also, the
selection of the repairing cost function can depend
on the specific realization of the automatic bragkin
function components. Even if new types of
dummies for the evaluation of vehicle safety are
introduced into regulation and/or rating procedures
the method is still valid because only the occupant
simulation element and the injury risk function
element have to be adjusted.

Although this method is very generic in the futare

closer look to the robustness of the method is
necessary. A further region of interest is the
influence of the constitution of the load cases on

the calculated effectiveness. So the questionsdchas

be answered how many and how detailed load
cases must be chosen in order to get a valid
prediction of the overall benefits. Also the

sensitivity of the calculated effectiveness to the
weighting of load cases is an interesting field of
study.

Once the method is fixed in its constraints it ban
applied to study the effect of integrated safety
system parameters on the overall effectiveness of
the system. Furthermore it is necessary to find out
how strong are the relationships among relevant
system parameters with respect to the largest
achievable benefits and their limitations.

For example in order to study the benefits of an
adaptive restraint system on the injury outcome
new technologies for infinitely variable airbaggian
belts are desired because these components are
expected to maximize occupant protection.

In the future an integration of additional elements
to this method is planned to account for the latest
developments in vehicle safety. Especially vehicle-
to-vehicle or vehicle-to-infrastructure
communication technologies are expected to have a
great impact on further reducing fatalities and
injured people. So we are looking forward to
extend this method to assess also such kind of
integrated safety systems.

Finally an extension of this method to all kind of
road users has to be conducted in order to predict
prospectively the changes to all the real-world
accidents.
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ABSTRACT

The goal of active belt systems is to reduce occupant
movement in highly dynamic driving situations to
increase both safety and comfort. In this paper the
ability of such systems to reduce occupant
displacement is quantified and the resulting increase in
occupant safety is analyzed for different accident
scenarios. These scenarios are characterized by the
direction of occupant displacement as it results from
vehicle dynamics prior to the accident such as braking
or evasive steering and by the impact direction.

To identify the occupant displacement as initial
condition for the chosen accident types, the inertial
forces prior to the accident are reproduced in a test
vehicle for the chosen scenarios. Different levels of
reversible pre-pretensioning are used within these tests.
A conventional belt system (no pre-pretensioning), a
belt system with reactive pre-pretensioning (activation
based on vehicle dynamics data) and a belt system with
predictive pre-pretensioning (pre-triggered based on
environmental sensors) are being compared. The
occupant displacement is measured during these tests.
The results show, that a significant reduction of
occupant displacement is possible using active belt
systems. For instance forward head displacement
during panic braking scenarios can be reduced
significantly with reactive pre-pretensioning and even
further with pre-triggered pre-pretensioning in
comparison to the same scenario with a conventional
belt system without pre-pretensioning.

The effect of reduced occupant displacement is studied
using crash simulation and sled tests. In both cases the
dummy is positioned according to the measured
displacement values as initial condition. Characteristic
injury values of these crash simulations and sled tests
are compared to identify the effect of different levels of
occupant displacement on injury probability.

Both simulation and sled tests demonstrate that a
modified initial occupant position may result in an
altered injury mechanism during the crash. The rapid
deceleration in the tested panic braking situations for
example leads to a forward displacement of the

occupant that in case of a subsequent front crash may
result in a bag slap (caused be the reduced distance
between occupant and instrument panel). The improved
occupant position using an active belt could decreases
the probability of a bag slap for the same scenario.
Lateral displacement with a subsequent frontal
collision could have even more severe consequences on
occupant injuries. The simulation results show that
because of the lateral displacement of the occupant the
contact with the frontal airbag may be misaligned and
therefore airbag effectiveness could be reduced. As a
worst case scenario the probability for a contact to the
instrument panel could increase. This effect is
intensified as the routing of the belt is influenced by
lateral occupant displacement, which may reduce the
effectiveness of the belt system in a crash. Reduced
occupant displacement can avoid or mitigate the risk of
such an injury mechanism.

In case of a rear impact with initial forward occupant
displacement the changed occupant position results in
injury rating values many times higher than those in
nominal  position.  Again, reduced  occupant
displacement can mitigate this effect.

In conclusion reversible pre-pretensioning allows the
reduction of occupant displacement and proves to have
a direct effect on occupant safety in the examined
scenarios.

INTRODUCTION

Since their introduction into premium class vehicles in
2002, reversible belt pre-pretensioning systems spread
into upper-class and mid-range vehicles and it is
expected that they will be available in compact cars in
the near future. Unlike pyrotechnical belt pretensioners,
reversible systems are activated prior to an imminent
collision if the driving situation is identified as critical.
As a result, seatbelt effectiveness is increased. This is
especially useful in situations, in which the occupant is
moving out of his initial position prior to the accident.
This movement can be reduced, if the reversible belt
pretensioner is activated in time, thus increasing
occupant safety.
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Occupant movement prior to an accident can be caused
by inertial forces that result from evasion maneuvers or
emergency braking. The analysis of accident data
shows that for a significant number of accidents there
was an attempt for counter-measures beforehand, like
braking or evasive steering. In case of rear-end
collisions which account for 25% of all accidents with
occupant injury in Germany [1] about 40 % of the
drivers of the rear vehicle initiated emergency braking
with an additional 12 % that partially applied the
brakes [2]. For intersection accidents, which account
for about 23 % of all accidents with personal
injury/fatalities in Germany [1], about 40 % of the
drivers of the vehicle causing the accident and about 40
% of the drivers of the colliding vehicle with the right
of way tried to avoid the accident by braking [3]. This
leads to the conclusion that a substantial number of
accidents occurs with occupant movement during the
last seconds prior to the impact.

Based on vehicle dynamics data (e.g. provided by the
sensors of the Electronic Stability Control (ESC) in
case of an instable vehicle dynamics) or the data of
environmental sensors (as used for collision
avoidance/mitigation systems like an Automatic
Emergency Brake (AEB) in case of an imminent rear-
end collisions) the current driving situation can be
analyzed. If potentially dangerous situations can be
identified early enough, reversible belt pre-
pretensioning can be activated while or even before
occupant movement starts. The result would be reduced
frontal (braking) or lateral (evasive steering or
skidding) occupant displacement. As a result of
reduced displacement the occupant’s position should
be closer to the nominal position as foreseen in the
vehicle interior design, increasing the effectiveness of
the restraint system in total.

It is important to note that reversible pre-pretensioners
are no replacement for pyrotechnical pretensioners, as
their activation during the pre-crash phase can not be
guaranteed for all cases [4]. Furthermore, reversible
pretensioners work on a much lower force level and the
webbing pull-in speed is significantly lower compared
to pyrotechnical pretensioners [5], [6]. Therefore the
benefit of reversible pre-pretensioning is seen in
activation before t,, while pyrotechnical units are
triggered after t,.

MOTIVATION AND STATE OF THE ART

As most automotive components occupant safety
systems are subject to continuous development.
Airbags and pyrotechnical belt pretensioners are
currently standard features of most passenger cars.
Reversible pre-pretensioners are a relatively new
advancement to improve occupant safety furthermore.

The goal of reversible pre-pretensioning is to remove
belt slack before inertial forces cause the occupant to
leave the nominal position. This reduces occupant
displacement during pre-crash braking or evasive
steering. As the restraint system is designed with
respect to the nominal position (e.g. given by
regulation or consumer testing) this position is
expected to provide the best occupant safety. Therefore
one of the major objectives of this study is to determine
whether and in which scale the efficiency of the
restraint system is affected negatively if the occupant is
not in nominal position due to inertial forces (unlike
studies regarding the effect of pre-pretensioning in
secondary collisions as in [7]). A comparison of these
results for conventional and active belt systems
provides information on the benefit of pre-
pretensioning regarding injury severity.

A parallel trend to reduce the number of fatalities and
to increase traffic safety is the advancement in active
safety. Collision avoidance/mitigation systems are state
of the art in upper class vehicles. Based on
environmental sensors using e.g. radar and video,
imminent collisions may be identified in advance and
an Automatic Emergency Brake (AEB) can be
activated. Usually these systems also include a driver
warning and autonomous braking is only initiated if
braking is the only way to prevent a collision (at higher
velocities the stopping distance is longer than the
distance required for evasive steering [8]. Since an
AEB may only be activated if there is no other option
to prevent a collision, only collisions below a certain
velocity can be prevented autonomously. Still, the
reduction of collision velocity reduces the risk of
severe or fatal injuries at higher speed). That is why
depending on the accident scenario AEB activation will
either reduce relative velocity at t, or avoid the
collision.

Consumer  organizations like  Euro  NCAP
accommodate the development of active safety systems
like AEB on their roadmap (e.g. beyond NCAP [9]).
Dekra and BMW performed a crash test with automatic
emergency braking prior to the impact to demonstrate
the benefit of the reduced collision velocity in 2010
[10]. A full testing methodology for integrated safety
systems is being developed in the EC-funded research
project “ASSESS”, including rating criteria and tools
[11]. These examples can be interpreted as a first step
of an adaption of current standard testing procedures to
an integrated active and passive safety evaluation in
future vehicles.

Current standardized crash tests are performed without
braking or evasive steering and therefore do not
include initial dummy displacement. On the other hand
static Out-of-position (OOP) tests in which the dummy
is positioned close to the airbag module are integrated
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in current U.S. legislation to evaluate potential harm by
the deploying airbag for non-nominal seating positions.
These tests are based on the fact that especially
unbelted occupants or children without proper child
restraint system on the front seats might be in an
unfavorable position closer to the airbag module at the
time of airbag activation. However, currently there is
no standard procedure available to analyze and
evaluate the potentially reduced restraint system
effectiveness due to pre-crash occupant displacement.
The analysis of the relevance of initial occupant
displacement with and without active belt systems on
the efficiency of the restraint system in total provides
information about the change of the injury mechanism
if collision avoidance actions like evasive steering or
emergency braking were attempted prior to the
accident (either by the driver or by active safety
systems) and thereby supports a further development
and improvement of occupant safety systems.

APPROACH

The goal of this study is to analyze a potential real-
world benefit of an active belt system. The study is
divided into two major tasks. The first task is the
analysis of the effect of active belt systems on occupant
displacement. This is done in vehicle testing with real
test persons. The test results can also be used as
validation data for subsequent numerical pre-crash
simulations with human body models (as done with
similar tests within the cooperative project OMA4IS
[12]), but this will not be further discussed here.

Real test persons were chosen instead of test dummies
because the kinematic of the dummy in the chosen
scenarios turned out to be unrealistic in preliminary
tests (Since the dummy is made for crash tests instead
of driving scenarios it resists inertial forces in the order
of 1 g stronger than the real occupant resulting in
virtually no displacement). The resulting displacement
values are then used as initial conditions for crash
simulations and sled tests to identify the effect on
occupant injury severity.

The driving scenarios chosen for the displacement
analysis are examples for collision avoidance/collision
mitigation maneuvers as they are attempted by the
driver in critical situations if collisions are imminent:
Emergency braking and evasive steering. These highly
dynamic maneuvers can represent the dynamic status of
a vehicle prior to an imminent crash. The deceleration
or lateral acceleration of the vehicle causes inertial
forces that affect the position of the occupants. The
occupant position is identified during these tests using
measurement equipment. All measurement is done for a
test person on the passenger side as preliminary tests
indicated that these values are more reproducible.

The second task is to identify the effect of occupant
displacement on injury probability. For this a crash
simulation is used for frontal and lateral impact while
the rear impact scenario is analyzed in sled tests. In
both cases the dummy or dummy model is positioned
according to the measured displacement values from
the vehicle tests as initial condition.

Direction Of Passenger Displacement (yellow)

forward backward to left to right
R o
wom ([T 2L] (T ] (L 4
= )
roar | N (2]
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Figure 1. Combination matrix for collision type and
displacement direction

Collision Type (red)

As a result, major real world accident scenarios are
represented by a combination of displacement direction
and impact direction (See Figure 1). The accident
scenarios with white background have been chosen for
this study. Due to its limitation by the backrest of the
seat backward displacement is not incorporated. All far
side crash scenarios (impact from the left) are put aside
as occupant injury is expected to be higher for a near
side impact (see e.g. [13]). Rollover crashes have not
been included in this matrix. Consequently the
simulated or tested scenarios (passenger side) are
e Front impact with initial forward displacement
e Front impact with initial lateral displacement to
the left
e Front impact with initial lateral displacement to
the right
¢ Right side impact with forward displacement
e Right side impact with initial lateral displacement
to the right
e Rear impact with initial forward displacement
The results provide information on how the injury
mechanism is influenced by occupant displacement.
This allows an estimation of the potential real-world
benefit of reversible pre-pretensioning and offers
indications for further improvement of active belt
systems.

OCCUPANT DISPLACEMENT
Hypotheses

Dynamic driving as in collision avoidance maneuvers
generates inertial forces which lead to a displacement
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of the occupant. The goal of reversible pre-
pretensioning systems is the reduction of occupant
displacement to increase occupant safety. One
hypothesis is that a reduction of occupant displacement
can be achieved for both lateral and frontal
displacement using reversible  pre-pretensioning
systems.

As for all safety measures, it is important to trigger pre-
pretensioning as soon as possible as current pre-
pretensioning systems do not provide enough force to
move a displaced occupant back into position. As
described earlier the intention is to preemptively
remove belt slack to prevent high displacement values
in the first place. That is why from the safety side point
of view it is best to activate pre-pretensioning systems
early (while avoiding unnecessary activations because
of potentially unpleasant or even annoying reception).
For rear end collisions a “predictive” activation of a
reversible pre-pretensioning retractor based on e.g.
radar sensors is already in series production. A second
hypothesis therefore states that earlier activation
improves the ability of a reversible pre-pretensioner to
reduce occupant displacement.

Method and Tools

The tests were performed using one test person with
weight and size similar to a 50%-dummy on the
passenger seat (different persons for frontal and lateral
displacement tests but no test person variation within
one test scenario). As current reversible belt pre-
pretensioning system the Active Control Retractor Il
(ACR2) was chosen, a retractor based reversible pre-
pretensioner. The setup was tuned with a maximum
ACR-generated belt force of up to 110 N for full
retraction. The duration to reach the predefined
shoulder force for full pre-pretensioning is approx.
120 ms, depending on driving situation and clothing.

Forward Displacement To measure forward
displacement a vehicle equipped with a prototype
Automatic Emergency Brake (AEB) was chosen. The
AEB uses a 24 GHz radar sensor and a video camera.
Based on these sensors the system recognizes the threat
of an imminent collision and applies an emergency
braking. By using an AEB instead of a driver the
scenario is more reproducible regarding the brake
pressure gradient (As long as the driver applies enough
brake pressure to get all four tires into the Anti-lock
Braking System (ABS) regulation for the duration of
braking the deceleration is not influenced substantially
by the driver). Also the activation time for the
reversible pre-pretensioner can be adjusted gradually to
identify the benefit of early activation based on
environmental sensor data.

In braking tests the occupant was filmed from the
driver side window using a video camera. The
maximum frontal displacement for the occupants head
and neck was identified from the video images using
the intercept theorem and a defined scale on the vehicle
as reference. Unlike the tests for lateral displacement
this method only provides maximum displacement
values and no progress of displacement over time.
Vehicle dynamics data from the vehicle’s inertial
sensors and the brake pressure sensor were used to
ensure comparability of all tests as described for lateral
displacement testing.

For this test scenario a comparison was done between a
conventional belt system, a reactive reversible
pretensioning (ACR2 triggered simultaneously with
emergency braking) and a pre-triggered reversible
pretensioning (ACR2 triggered 120 ms before
emergency braking by the AEB control).

Due to wet road surface all tests for forward
displacement were performed with a resulting
maximum vehicle deceleration of about 7 m/s?. Braking
maneuvers on dry concrete may well provide
deceleration levels of 11 m/s2 and may therefore result
in higher inertial forces and possibly higher forward
displacement.

Lateral Displacement The tests for lateral
displacement analysis were performed in a current,
representative compact class vehicle. The test person
was filmed using a video camera and displacement
values were identified with video tracking software as
shown in Figure 2. The video tracking software uses
reference markers for tracking. Two markers have been
placed on the test person, one on the chest and one on
the forehead. In addition one marker was used on the
belt to visualize the belt movement (This marker is not
used for measurement; the belt movement was
measured using a separate belt pullout sensor). Figure 2
also shows two reference points near the vehicle’s roof.

Figure 2. Measurement of occupant displacement
using video tracking software
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Using measurement sensors and the vehicles own
sensors the following data was recorded in addition to
the displacement values: belt force (near the shoulder),
belt pullout, lateral and longitudinal acceleration, yaw
rate, brake pressure, ACR2 motor current and ACR2
trigger signal. A flash is used to synchronize video and
directly measured data. This way all signals (including
lateral displacement) are measured over time and even
complex scenarios like a double lane change can be
analyzed. The measurement of vehicle dynamics data
was also used to ensure that all repeated tests for one
scenario are comparable and show similar values for
lateral acceleration.

The first test scenario for lateral displacement analysis
is the double lane change maneuver as defined in ISO
3888-2 [14]. The vehicle’s velocity ahead of the course
is regulated by cruise control. When entering the
course the cruise control is turned off and the course is
driven with engine brake. If a traffic cone is moved or
knocked over during a run this run is considered
invalid and repeated. Based on the recorded vehicle
dynamics data all runs were checked for anomalies of
velocity, lateral acceleration and yaw rate. Runs with
high deviations were not used for the displacement
analysis.

For the analysis the double lane change data is divided
into parts to examine both sides of occupant
displacement separately. Still the displacement values
for left and right side are not independent from each
other as the displacement during the first part of the
maneuver may influence the further behavior of the test
person. To allow an independent analysis of passenger
displacement to both sides of the vehicle a curve with
constant radius is introduced as a second maneuver.
The same curve is passed from both sides with all other
parameters kept unchanged. With the exception of the
course setup and the initial velocity the test procedure
is identical to the double lane change maneuver,
including the validation of vehicle dynamic data to
ensure comparable test runs.

The occupant displacement with a conventional belt
was compared to the reversible pre-pretensioner with
partial and full retraction strength. In addition to a
reactive system that identifies critical situations based
on the vehicle dynamics a pre-triggered system is
analyzed. The pre-triggering is done manually when
entering the course. The pre-triggered variant provides
a first impression of the potential additional benefit for
further displacement reduction when integrating
environmental sensors or e.g. road map data with
reversible pre-pretensioners.

As driving the single curve maneuver does not create a
critical situation there is no reactive activation of the
belt pre-pretensioning system based on vehicle
dynamics data. Therefore this scenario is only tested

with a pre-triggered pre-pretensioner and a
conventional belt-system as reference.

Results

Forward Displacement For the braking maneuver

no partial pre-pretensioning was used. All tests were
performed with either a conventional belt system or
with a full pre-pretensioning with approx. 110N
maximum pre-pretensioning force. A distinction is
made regarding the timing of the pre-pretensioner in
relation to the emergency braking. The reactive system
variant is triggered simultaneous with the AEB while
the predictive variant is pre-triggered approx. 120 ms
prior to AEB activation. The situation interpretation
algorithm of the AEB provides a calculated time-to-
collision (TTC) based on obstacle distance and relative
velocity. From this TTC value the timing of the
emergency braking is deducted and the timing for
activation of the ACR is preponed for 120 ms.
The results are shown in Figure 3 in form of box plots.
The box plots show the maximum and minimum
deviation values (as dotted gray lines), the 25th and
75th percentile (represented by the “box”), the median
(as dotted black line) and the mean value (as solid red
line). For each variant separate plots visualize the head
and chest displacement.
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Figure 3. Maximum forward displacement in
emergency braking maneuvers for head (light gray)
and chest (dark gray), n=8 for each variant

Figure 3 shows that for a conventional belt system the
maximum forward head displacement reaches
maximum values of in average 232 mm. The
corresponding chest displacement is 159 mm. This
occupant displacement can be reduced significantly by
the use of reversible pre-pretensioning. Simultaneous
activation of the active retractor results in a
displacement of 143 mm (head) and 92 mm (chest)
respectively. The pre-triggered active retractor
demonstrated a further reduction to 68 mm (head) and
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46 mm (chest) respectively. The results of the unpaired
two-sample t-test are highly significant for all variants
and for both head and chest displacement. It should
also be noted that the variance of displacement values
is reduced by reversible pre-pretensioning.

Lateral Displacement The double lane change
scenario as standardized evasive steering maneuver is
divided into three parts for the analysis. This separation
allows a detailed study of the displacement behavior in
the different sections of the maneuver as illustrated in
Figure 4.

P
ACRactivation 2) Displacement to the left

Predictive
ACRactivation

1) Displacement 3) Displacement
tothe right tothe right

Figure 4. lllustration of the double lane change
separated into three sections

The first section is characterized by the evasive
steering to the left from the entry lane, resulting in
occupant displacement to the right (towards the B-
pillar - referring to the passenger as all data was
recorded on the passenger side). The second phase
includes the right curves when entering/leaving the
evasive lane, resulting in occupant displacement to the
left (towards the driver). The final left curve with
occupant displacement to the right is considered as
section three. Figure 5 shows the resulting occupant
displacement (absolute values) as separate box plots
for the three sections of the double lane change
maneuver.

It is shown, that lateral head displacement values are
consequently higher than the wvalues for chest
displacement. Also the variance of head displacement
values is mostly higher than for chest displacement.
That is why the following analysis primarily refers to
the chest displacement because it allows higher
significance levels.

For section 1 of the driving maneuver the reactive pre-
pretensioner does not reduce the occupant
displacement compared with the conventional belt
system. This is due to the fact that the reactive system
is activated near the end of section 1 (cp. Figure 4).
That is why reactive pre-pretensioning may not affect
lateral occupant displacement significantly in the first
phase of the double lane change maneuver, while
occupant displacement in the following segments 2 and
3 benefits from the reactive belt system. On the other
hand, predictive (pre-triggered) pre-pretensioning
showed significantly reduced occupant displacement in
section 1, with an increased efficiency for the full
retract with higher retraction force.

In section 2 of the double lane change reactive and
predictive systems could provide a significantly
improved occupant position. It can be seen that chest
and head displacement values for partial pre-
pretensioning with approximately 85 N can be reduced
to a similar level for predictive and reactive pre-
pretensioning activation. The full retraction force
allows a higher reduction of occupant displacement
(again for predictive and reactive triggering) with the
exception of head displacement values for the pre-
triggered variant.

The third chart in Figure 5 illustrates the occupant
displacement towards the B-pillar in section 3 of the
double lane change. A comparison of the results of the
conventional seat belt with all tested active belt

1) Maximum displacement to the right 2) Maximum displacement to the left 3) Maximum displacement to the right
(towards B-pillar) (towards driver) (towards B-pillar)
Sy max [Mmm] Sy, max [Mm] Symax [Mm]
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- (== —
20 200 =1 = B ™ - = B2 B
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Figure 5. Maximum lateral occupant displacement for head (light gray) and the chest (dark gray), n=9
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systems show a significant reduction of occupant
displacement due to reversible pre-pretensioning. It can
be seen that predictive triggering could further improve
the occupant position compared to reactive triggering
in section 3 although the displacement values for
predictive and reactive systems are on a similar level in
section 2 of the maneuver.

Table 1 sums up the displacement results of the double
lane change maneuver for the passenger’s chest,
including the results of significance testing using
unpaired two-sample t-test to compare displacement
values for a conventional belt with the active belt
variants. A significance level < 0.3 % is considered
highly significant and marked with a blue background,
a level < 5 % is considered significant and marked in
light blue.

It can be seen that for chest displacement a significant
or highly significant improvement is found for all
systems except for reactive variants in section 1 as
mentioned earlier.
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retract retract retract retract
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Figure 6. Maximum lateral head (light gray) and
chest (dark gray) displacement for right (n=8) and
left (n=9) curve

The box plots for lateral displacement for the constant
curve are shown in Figure 6. The left chart shows the
clockwise turn with displacement to the left (towards
the driver), the right one presents the results of the

(towards the door and B-pillar). Since reactive pre-
pretensioning is not activated during these maneuvers
(the driving situation is not rated “critical” based on
vehicle sensors as no loss of vehicle stability is
detected), reactive variants have not been included in
the corresponding tests and box plots.

Similar to the results for the double lane change the
variance of head displacement exceeds the variance of
chest displacement. It can be seen that predictive pre-
pretensioning could  further reduce occupant
displacement significantly. The higher pretensioning
force of the full retract provides an additional benefit
regarding occupant displacement. This effect is higher
for displacement to the left than for displacement to the
right. In general, lateral occupant displacement towards
the center of the vehicle seems to reach higher absolute
values as displacement towards the B-pillar in this
maneuver. A comparison of the lateral acceleration
values shows similar levels of inertial force. The
passenger door as limiting factor and the asymmetric
belt geometry are assumed to be the cause of this
variation.

A comparison of the average displacement values and
the results of the corresponding significance test can be
found in Table 2.

Table 2
Max. lateral chest displacement in constant curve

Chest Displacement
no ACR . predictive
Partial retract | Full retract
Significance Level 0,0000% 0,0001%
Left Curve )
Displacement 138 mm 79 mm 72 mm
. Significance Level 0,0001% 0,0000%
Right Curve )
Displacement 207 mm 122 mm 86 mm

It can be seen that the improvement of occupant
position is highly significant for all of the tested
variants in curve driving.

Conclusion

For all scenarios the displacement (both forward and
lateral) could be reduced significantly by the use of a

. e . reversible  pre-pretensioner. In  conclusion the
counter-clockwise turn with displacement to the right pre-p
Table 1
Maximum lateral chest displacement in double lane change tests
reactive predictive
no ACR Partial retract | Full retract | Partial retract | Full retract
Segment 1 Significance Level 93,9903% 42,8243% 0,0134% 0,0000%
g Displacement 152 mm 153 mm 145 mm 115 mm 81 mm
Seament 2 Significance Level 0,0065% 0,0014% 0,0005% 0,0000%
g Displacement 165 mm 124 mm 93 mm 113 mm 92 mm
Significance Level 3,7909% 0,0726% 0,1490% 0,0026%
Segment 3 A

Displacement 155 mm 134 mm 115 mm 116 mm 92 mm
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hypotheses stand the test. Occupant displacement can
be reduced using active belt systems.

The comparison of reactive and predictive systems
shows that earlier activation improves the ability of the
analyzed reversible pre-pretensioner to reduce
occupant displacement. The additional benefit of the
pre-triggered active retractor can be seen best in the
first phase of the double lane change maneuver or in
the emergency braking tests.

In addition the lateral displacement also affects the
routing of the belt webbing on the shoulder of the
occupant. For test driving situations with high
displacement towards the interior of the vehicle (during
phase 2 of the double lane change and in the right
curve) the belt slipped off the occupant’s shoulder if no
pre-pretensioning was used. As a result the geometry of
the belt would be completely changed and the restraint
effectiveness of the belt system would be significantly
reduced. The effect of the changed belt geometry on
occupant injuries was analyzed as part of the crash
simulation.

INJURY ESTIMATION
Hypothesis

Besides the displacement study it is the goal of this
work to determine in which way injury kinematics and
the resulting injury severity are affected by the different
levels of occupant displacement in case of a subsequent
crash. As basis for the injury estimation the hypothesis
is defined, that occupant displacement resulting from
inertial forces increases the injury severity to be
expected in a subsequent accident.

Since reversible pre-pretensioners do not allow to pull
the occupant into nominal position but only help to
reduce occupant displacement, the final position of the
occupant is still displaced compared to the nominal
position. The improvement of occupant safety due to
reversible pre-pretensioning is addressed in the
hypothesis, that the reduction of occupant displacement
by reversible pre-pretensioning reduces consequential
injury severity.

These hypotheses are being tested for both lateral and
forward displacement in combination with side and
frontal impact.

Method and Research Tools

Simulation Based on the results of the
displacement studies a crash simulation is done for the
predefined front and side impact scenarios (cp.
Figure 1). The mean value of the maximum occupant
displacement values for each belt system setup with the
system variants

e conventional belt
e reactive pre-pretensioning based on vehicle
dynamics data
e predictive pre-pretensioning based on
environmental sensors

is used as initial dummy position for the start of the
crash simulation at ty (to = Time of the impact). The
expected occupant injury in nominal position is
identified within a reference simulation run. For better
comparison to standardized testing (e.g. Euro NCAP)
50% male dummy models are used for simulation
(Hybrid 111 for front crash, ES-2 for side crash).
The dummy models are positioned according to the
displacement values. For lateral displacement hip
displacement was not included in the simulation as it
would increase simulation effort substantially (The
dummy is seated in a predefined dent in the seat
cushion. As the dent is in the center of the seat, lateral
hip displacement would require a modified modeling of
the seat cushion including a new position of the dent).
The dummy model is seated in the middle of the seat
and tilted to the side to fulfill the initial displacement
conditions. Since displacement values for the chest
showed a lower variance than for the head, chest
displacement has a higher priority than head
displacement if it is not possible to position the dummy
model according to both measured conditions due to
the rigidity of the virtual dummy. For simulations with
forward displacement the dummy model is positioned
according to displacement values for hip, chest and
head with higher priority for the compliance with hip
and chest displacement values than for head
displacement. As a simplification inertial and belt
forces prior to the accident are ignored in the
simulation, because the forces before t, are
significantly smaller than the forces during the crash.
Also no initial dummy velocity is introduced to the
crash simulations. The dynamic situation is only
represented by the displacement of the dummy. The
error made due to this simplification is analyzed in [15]
for a front impact while braking.
For side impact different test scenarios are used for
forward and lateral  displacement.  Forward
displacement with a subsequent side impact is regarded
as a typical intersection accident with crossing traffic
after attempted but insufficient emergency braking (As
described earlier, the percentage of intersection
accidents with attempted emergency braking is
significantly higher than for accidents with attempted
evasive steering). This scenario is represented using an
AE-MDB side barrier model. In contrast to that a
virtual pole (as in the Euro NCAP pole side impact
tests) is used for side impact simulation with lateral
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displacement. This represents a skidding accident in
which the vehicle is e.g. striking a tree with the side.
The simulation environment for side crashes is
PAMCRASH 2009.1 with the ES-2v4.1.2 dummy
model. Side and curtain airbags are activated as well as
the pyrotechnical belt pretensioner. The time-to-fire
(TTF) is set to 6ms for the barrier crash and 10 ms for
the pole crash. For front crashes the simulation
software MADYMO V621 is used with the Hybrid Il
50% male dummy model. The simulated restraint
system includes the passenger airbag, a torsion bar load
limiter and a pyrotechnical belt pretensioner. The belt
is simulated using an FE belt model. Side crash
analysis is done on the driver side under the
assumption that the protection against side impact is
similar for both sides. Front crashes were simulated on
the passenger side because of the different airbag
system and since the data was measured using a test
person as front passenger.

Because of the reduced degrees of freedom and the
rigidity of the dummy there is an intrusion conflict for
some of the modified dummy positions. One conflict
results from forward displacement of the side impact
ES-2 dummy model. This virtual dummy does not
allow a sufficient bending angle of hip and abdominal
area to reach the aimed-at displacement values if seated
correctly. To allow side impact simulation with the
intended forward displacement the contact between feet
and vehicle structure is taken out as well as the contact
between the dummy’s thighs and the front edge of the
seat. The resulting position for maximum forward
displacement is illustrated in Figure 7.

Figure 7. ES-2 dummy with/without forward
displacement for side impact simulation
left: dummy in nominal position,
right: dummy with max. displacement and
removed contact to seat/vehicle

To ensure that the elimination of these contacts and the
resulting change in the distribution of forces does not
affect the accident simulation all simulation runs in this
specific scenario (including reference simulation runs
with the dummy in nominal position) were also
performed with cleared contact at the described areas.

For side impact simulation the maximum lateral
displacement towards the B-pillar measured in previous

testing could not be realized with the virtual ES-2
dummy due to the stiffness of the dummy’s
chest/shoulder area and because the vehicle used for
testing is not the same one as used in the simulation. As
a result only one position with lateral displacement is
simulated for side impact to give a first impression of
the change of injury kinematics in case of lateral
occupant displacement.

Sled Tests For the predefined rear crash scenario with
initial forward displacement (cp. Figure 1) a sled test is
performed to identify the effect of occupant
displacement on potential injury consequences. For this
scenario the lowest crash pulse of the Euro NCAP
whiplash testing protocol with a collision velocity of
16 km/h [16] was used as it represents a standardized
evaluation method. The lowest pulse was chosen
because the majority of cervical spine injury in rear end
collisions occurs with a relative velocity less or equal
to the velocity used in this pulse [17]. The crash pulse
is recreated using the TRW Hy-G crash sled.

The whiplash tests are done with a BioRID dummy.
The dummy is positioned with initial forward
displacement as measured in the driving tests and
secured with adhesive tape. A notch and the resulting
notch effect ensure that the tape is torn upon impact
and does not affect the dummy’s behavior during the
crash phase.

Figure 8. BioRID dummy in nominal position (left)
and with forward displacement (center: with pre-
pretensioning, right: with conventional belt) for
whiplash sled tests

The initial dummy position for the three test setups
representing the nominal position (Figure 8 left),
forward displacement while braking with predictive
pre-pretensioning (center) and forward displacement
while braking with a conventional belt system (right)
are illustrated.

Unlike the simulation tests the reversible pretensioner
was activated during the whiplash test (only for the
setup with displacement values measured with a
reversible pre-pretensioner). As the belt force is
reduced due to the rear impact, the pre-pretensioner
can still reduce belt slack during the crash phase and
therefore mitigate the rebound effect.
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Results

Front crash forward displacement Forward
displacement as initial condition for an impact from the
front changes the injury kinematic in the simulation.
Figure 9 illustrates the direct comparison of nominal
position and maximum forward displacement (232/159
mm for head/chest as measured for emergency braking
with a conventional belt) for a Euro NCAP forward
collision simulation. The characteristics of head
deceleration look less critical with forward
displacement, but it has to be mentioned, that an initial
bag-to-head contact during deployment (bag slap)
occurs here.
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Figure 9. Comparison of nominal position and
forward displacement - head deceleration over time

The peak of head deceleration at ty + 40 ms results
from a bag slap, which has to be avoided completely,
because it may cause additional injuries in the head and
face area (It should be noted that the simulation of the
unfolding phase of the airbag in the simulation
environment used for these tests has limitations
regarding accuracy and predictability for bag slap
effects. Still the measured relative velocity of airbag
and occupant head at the time of the first contact as
ballpark figure allows the conclusion that the risk of a
bag slap increases drastically with this level of forward
displacement). The bag slap effect only occurred for
the conventional belt system, the displacement
measured for active belt systems did not result in a bag
slap. Therefore, the potential occurrence of a bag slap
for forward displaced occupants can be reduced using
reversible pretensioning.

A comparison of the forward displacement values for
the 50 % male with the nominal position of a 5%
female (usually the most critical standard test case
regarding the bag slap) may exemplify this. While the
head of the 5% female in nominal position is
approximately 138 mm more forward compared to the
head of the 50 % male in nominal position (Average
value of five arbitrary upper & middle class vehicles),

the maximum pre-crash forward head displacement of
the male test person (similar in size and weight to a
50% dummy) reaches a value of 232 mm.

Front crash lateral displacement As seen in the
displacement analyses the belt may slip off the
occupant’s shoulder for lateral displacement towards
the interior of the vehicle without reversible pre-
pretensioning. This effect of the displacement study
was included in the initial conditions of the simulation.
The consequences are increased local belt forces for
the abdominal region which could lead to a higher
injury risk. Figure 10 shows the belt position for the
conventional belt system (no reversible pre-
pretensioning) after pyrotechnical pretensioning.

Figure 10. Belt position with maximum lateral
displacement after pyrotechnical pretensioning
(t0 + 94 ms)

The lateral displacement results in a non-central
occupant to airbag contact. This limits the protection
potential of the frontal airbag. During the simulation
runs with initial forward displacement of the occupant
in combination with the unfavorable belt position a
dummy-to-IP contact was observed. In the head
acceleration diagram this can be seen as a small peak in
the head deceleration in Figure 11 for the curve without
reversible pre-pretensioning.

Head deceleration

80 Reference
——ACR Predictive
o70 ACR ful reacti
c —_— ull reactive
E 60 ACR part,reactive
© 50
©
1‘340
%30
o 20
10 k/“_—,\_/
GE e S
0 20 40 60 80 100 120 140 160 180 200
Time in ms

Figure 11. Head deceleration for lateral
displacement towards vehicle interior
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It can be seen that the head deceleration is best for
nominal position and shows higher loads for higher
initial forward displacement of the occupant. The
simulation provides similar results for chest deflection
values.

For initial displacements towards the B-pillar the belt
webbing shows unfavorable routing close to the
occupant’s neck. When the pyrotechnical pretensioner
is activated during the crash phase, this situation could
lead to additional belt loads in the neck area, which
would not occur for nominal seating positions.
However, in the simulation model the pyrotechnical
pretensioner was able to pull the occupant back and
reduce the initial outboard lateral displacement (cp.
Figure 12), resulting in a better restraint performance
as seen for lateral displacement towards the interior.

Figure 12. Belt position with maximum lateral
displacement before (left) and after (right)
pyrotechnical pretensioning

For these simulation runs, some injury criteria for the
front crash like chest deflection show even slightly
better numbers than for the nominal seating position.
This is due to the fact, that the changed belt routing
does not directly contact the sternum area, where the
chest displacement measurement is located in the
dummy and has therefore no real-world significance.
But it has to be noted that the unfavorable belt routing
close to the neck might lead to additional neck or
spinal loadings compared to the nominal case, which
do not show in standardized rating criteria for the front
crash.

Side crash (barrier) with forward displacement
In this scenario the most apparent change due to
forward displacement prior to a barrier crash is the
changed position of the occupant in relation to the side
airbag. As seen in Figure 13 the given width in x-
direction of the airbag shows limited ability to cover
the whole thorax area for increasing forward
displacements. Therefore, the occupant is moving out
of the protection zone of the airbag resulting in an
increased injury potential in the thorax area.

Figure 13. Section view from above — side crash
with different levels of forward displacement
during airbag deployment (left: nominal position,
right: max. displacement).

With rising forward displacement also the abdomen
load is increased. This is caused by a contact with the
armrest as the occupant is moving out of the protection
zone of the airbag. The direct contact with the armrest
and the corresponding increase in abdomen force are
shown in Figure 14.
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Figure 14. Contact with the armrest (left) and
abdomen force for different levels of forward
displacement (right)

Side crash (pole) with lateral displacement Most
of the standard injury criteria show lower values in the
simulation for an initial outboard displacement of the
occupant due to the shoulder load path. The maximum
shoulder force for the virtual ES-2 dummy is increased
from 2.3 kN to 5.1 kN. However, shoulder load is not
considered a standardized injury criteria in usual side
impact assessment As the shoulder load increases,
some other injury criteria show lower values because of
the stiffness of the simulated dummy. Therefore the
standardized injury assessment criteria cannot be used
to evaluate the effects for this test scenario properly.

In addition it was not possible to recreate all occupant
positions measured in vehicle testing with lateral
displacement as mentioned earlier. That is why the
nominal position as reference was only compared to the
maximum of lateral displacement that could be reached
using the dummy in the simulated vehicle, which is
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lower than the maximum measured value. The result of
this simulation is seen in Figure 15.

Figure 15. Side crash without (left) and with (right)
lateral displacement

It can be seen that both the side airbag and the curtain
airbag are not positioned properly due to lateral
displacement. During deployment the curtain airbag
hits the occupant’s head causing a significant head-
acceleration in vertical direction. This effect might be
even higher with a real occupant with higher initial
head displacement (the stiffness of the dummy’s neck
prohibits higher head displacement values as initial
conditions in the simulation). The belt pressure for the
side airbag (not illustrated) indicates that the
deployment phase of this airbag is affected as well. It is
expected that with additional hip displacement the
deployment of the bag would have been hindered even
more by lateral occupant displacement (Lateral hip
displacement was not included in the initial conditions
though inertial forces in e.g. the double lane change
affect head, chest and hip position).

Rear crash with forward displacement As
mentioned earlier the injury estimation for the rear
impact crash scenario was done using sled tests with a
pulse similar to the specifications of the Euro NCAP
whiplash protocol for the lowest severity test.
Therefore all whiplash test results should only be
compared among each other.

The analysis shows that the values of most injury
criteria used for the whiplash rating are highly
increased as a result of forward occupant displacement.
Figure 16 shows the resulting curve for the neck injury
criterion (NIC) as an example.

In comparison to the reference value (dummy in
nominal position), the NIC is increased to 240% for the
dummy position representing reversible pre-
pretensioning and to 410% for the dummy position
representing a conventional belt system. Similar
tendencies (but with lower differences) are found for
the criteria

NIC
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Figure 16. NIC for whiplash tests with/without
forward occupant displacement.

¢ Rebound velocity: 115% respective 143%
e Upper Neck Sheer: 142% respective 175%
e Upper Neck Tension:  160% respective 262%
[ ]

T1 acceleration: 154% respective 216%.
In contradiction to these results the Nkm values are
reduced with increasing occupant displacement (95%
respective 84%). The reason for this behavior is still in
discussion.

Subsuming the whiplash test results show that
increased forward occupant displacement as e.g. by
braking in a rear crash leads to increased injury
probability.

Conclusion

The results of the crash simulation using lateral and
forward occupant displacement as initial conditions
show how the crash phase of the accident is affected by
the changed occupant position. For the simulated
vehicle with maximum forward displacement a bag slap
occurred in the simulated front crash. Due to the fact,
that only one vehicle was studied in this study and
because of limitations of the simulation this cannot be
generalized for all vehicles and occupant sizes. For
initial forward displacement in a front crash the
potential for a bag slap is increased and the reduction
of forward displacement by e.g. reversible pre-
pretensioning could mitigate or even eliminate this risk.
Lateral displacement in a front crash affects the belt
geometry. This may cause additional neck and spinal
loads for initial outboard lateral displacement towards
the B-pillar as the belt moves closer to the neck and
may press on the neck area. For initial lateral
displacement towards the center of the vehicle the
changed occupant position and the changed belt
geometry result in a reduced protection effectiveness of
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the restraint system. As shown in the simulation results,
higher loads in the abdominal area could occur.
Furthermore, the potential for occupant-to-IP contacts
would be increased for this scenario. The general
conclusion is that a reduction of displacement reduces
the tendency of unfavorable belt geometry and its
subsequent consequences.

The side impact simulation with initial forward
displacement shows that the occupant might move out
of the protection zone of the side airbag and therefore
the effectiveness of the side restraint system could be
decreased. The increase in abdomen forces due to the
armrest is regarded as specific for the simulated
vehicle.

For initial outboard lateral displacement in side impacts
the proper deployment and positioning of curtain and
side airbag could be disturbed. In case of the curtain
airbag the deployment could even lead to additional
vertical head accelerations. Furthermore, after
deployment the curtain airbag is not positioned
properly, which could further reduce the protection
effectiveness. These observations are not specific to the
vehicle under investigation, but can be transferred to
other vehicles as a general effect including the
additional load in vertical direction.

The negative effect of high occupant displacement
values and the potential improvement using reversible
pre-pretensioning is also proven for the whiplash
scenario. If the rear impact occurs, while the vehicle is
still braking, the resulting forward displacement may
result in load values many times higher than the stress
in nominal position. This effect can be mitigated
significantly using reversible pre-pretensioning.
Recapitulating the use of reversible pre-pretensioners is
favorable in all the cases because the reduction of the
initial occupant displacement also reduces the negative
influence of initial displacements to the effectiveness of
the restraint system. The potential occurrence of effects
like bag slap or a contact to the instrument panel can be
reduced if the occupant remains closer to the nominal
seating position, as this is the reference position the
restraint system can show its best protection
effectiveness. This confirms the hypotheses stated
earlier.

DISCUSSION AND OUTLOOK

To reduce the effort for vehicle testing and crash
simulation and due to the restrictions of some of the
tools some limitations apply to this study. The
displacement values introduced with this paper have
been measured using one male test person as a
passenger and one sample vehicle with an ACR2 as
reversible pre-pretensioner for each scenario. Further
tests regarding the influence of varied test persons (e.g.

including test persons similar to a 5% female), different
vehicles or a comparison of driver and passenger
displacement would increase the transferability of the
study. Similar tests are ongoing as part of the
cooperative project OMA4IS with the intention to
develop a simulation model that is validated for both
the pre-crash and the crash phase [12].

Other pre-pretensioning systems may differ from the
tested one in pretensioning speed/strength, activation
thresholds and basic function. For instance the Active
Buckle Lifter performs pre-pretensioning at the buckle
instead of the retractor, which results in a different
distribution of belt force for lap and chest/shoulder area
with possibly different displacement values.

Regarding the simulation results the predictability of
the tools has to be taken into account. Especially,
quantitative values for contact situations have limited
transferability. The use of a human model is expected
to allow a more realistic positioning of the occupant
according to the measured displacement values and the
behavior during the crash phase is expected to allow
more realistic kinematics for a human model. Still the
simulation data is very well able to demonstrate
possible effects of reversible pre-pretensioning on
injury severity. And the general effects that were
identified remain valid for other vehicles and scenarios.
In case of the whiplash sled tests it has to be noted, that
the pulse is similar to Euro NCAP requirements so
injury values should not be used for an absolute rating,
while a comparison among these tests is still valid. This
comparison proves the drastic increase of the
probability of potential injury with increasing forward
displacement and illustrates the positive effect of
reversible pre-pretensioning systems in this scenario.
This constitutes a substantial finding compared to
previous publications regarding the benefit of
reversible pre-pretensioning [18].

Subsuming the ability of active belt systems to reduce
occupant displacement and to mitigate the negative
effects on potential injury has been shown. This benefit
can be increased even more if the activation of such
safety measures is done before vehicle dynamics cause
inertial forces. E.g. the activation of the ACR2 prior to
an Automatic Emergency Brake can reduce forward
displacement significantly compared to simultaneous
triggering. Therefore an early recognition of critical
situations is an important factor to further minimize
unfavorable pre-crash occupant displacement.

Rollover crash scenarios are not included in this study.
Since a positive effect is assumed also for these
scenarios, it is planned to include such test scenarios in
further analysis regarding the benefit of active seat belt
systems.
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ABSTRACT

Following intensive field research based on over
5000 vehicles [1], it was shown that 5% of the
drivers still do not wear any seatbelts. New
vehicles are now being fitted with active safety
features which will influence the kinematics of
these un-restrained drivers [2] and may have
important safety implications.

The proposed study assesses the safety benefit of a
pre-braking event on the occupant position, stance
and injury and will review the contribution of
active muscle behaviour of a 50" percentile human
model [3] in comparison with a passive human
model [4] and discusses the potential using active
human simulation for testing driver assistance
safety technologies.

INTRODUCTION

Original investigations undertaken [5] [6] backed
up by physical tests, concluded that anthropometric
test dummies (ATD) injuries in static FMVSS208
Out-Of-Position (OoP) load cases occurred mainly
in the punch-out and membrane loading phases.
Further airbag computer model improvements were
developed to simulate scenarios involving
occupants of different statures [7]. An initial
method of assessing the effects of active safety
involved the improved airbag model [7] and a
constant 1.0’g” pre-braking scenario on an
occupant [8]. This study showed that the Passive
Human Body Model’s (PHBM) spine was more
flexible than the one of an ATD and that the
kinematics were very different, leading to different
injury levels between the two occupant models [8].

Some modelling improvements were suggested [8],
especially the 1.0°g’ braking pulse which did not
consider the braking duration, the original stance of
the occupant during the pre-braking phase, the
effect of the occupant’s muscle tensioning [9], as
well as the airbag triggering time.

DRIVERS’ KINEMATIC STUDY
Drivers’ Positioning

The PRISM European project, which was
completed in 2003, studied the occupant’s
behaviour whilst driving a vehicle. This study was
conducted on 6 sites, 2 in the UK, 2 in Spain and 2
in Austria, recording information over 5000
vehicles [1]. Volunteers were tasked to follow an
itinerary, in which they were filmed and
photographed at set positions. The visuals were
then inputted into a database for analysis. From this
database, it was reported that 5% of all drivers did
not wear a seatbelt (6% of all male drivers) [10], as
shown in Figure 2.
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All Sites Driver Belt Usage

Abnormal s
No 0% 2%

5%

OYes
ENo
OAbnormal
(=g

Yes
93%

Figure 1: PRISM project. Percentage of drivers not
using the seatbelt

All Sites Male Driver Belt Usage
Abnormal 5
No 0% 2;30
6%
Yes
9R2%

Figure 2: PRISM project. Percentage of male drivers
not using the seatbelt

Most drivers were observed with both hands on the
steering wheel in the FMVSS208 standard position
(Figure 3) [11]. It was also observed that a large
percentage of the participants adjusted the radio, as
per Figure 4.

Left hand position Right hand position

436%

15.4% ‘
5.1% left hand not
on wheel

1

Figure 3: Volunteers preferred hand locations

Often | Sometimes | Seldom | Never
Activity % % % %
Adjust the radio 41.0 436 128 26
Change CDs 154 385 256 205
Arm on the waist rail 5.1 231 333 38.5
Arm on the arm rest 5.1 256 282 41.0
Hand on the grab Handle 00 00 231 76.9
Arm out of window 26 30.8 256 41.0
Using mabile phone 26 231 385 359
Hand on sun visor 0.0 26 231 744
Hand on head restraint 0.0 0.0 103 89.7
Fiddle with seat belt 0.0 2586 308 436
Reach into passenger footwell 77 28.2 359 28.2
Eat/ Drink 77 2586 487 179
Talk to rear passengers 26 12.8 333 513

Figure 4: Activities performed while driving

The stances which were chosen for the occupant
kinematic study were:

1. FMVSS208: standard test position.

2. Adjusting the radio (left hand): most
frequent activity.

3. Mobile phone in left hand: as it is usually
illegal to use a hand-held phone.

4. Arm on armrest: activity leaving right
hand free.

All other positions occurred less frequently, hence
have not been included..

These positions were then modelled using the
Madymo Active Human Body Model (AHBM) and
positioned within a Madymo vehicle dynamic
model [11] [12], able to simulate breaking
scenarios as well as a brake dive.

FMVSS208’s hand positioning follows the
legislative requirement, which has been also
verified by the PRISM project finding that 87.5%
of the volunteers had a 3 and 10 o’clock right and
left hand positioning (Figure 5).

Figure 5: FMVSS208 computer model setup
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Adjusting the radio’s right hand positioning
follows the PRISM’s project finding [11] (see
Figure 6). The height of the left hand had been
estimated in the computer model (Figure 7).

Left hand position

Right hand position

82.5% kept their
hand on or near the
radio

Figure 6: Right Hand position while adjusting radio

Figure 7: Radio adjustment computer model setup

The mobile phone in the left hand scenario

(Figure 8) has shown that 67.5% of the volunteers
who had reached their ear with the phone continued
to hold it to their ear (Figure 9).

If no participant removed their right hand from the
steering wheel during the event, some drivers with
their right hand on the left of the steering wheel
were turning it in an attempt to swerve around
vehicles [11].

Left hand position

Right hand position

67.5% confinued to
hold the phone to
their ear

Figure 8: Right Hand position while holding a mobile
phone

| -

Figure 9: Mobile phone computer model setup

The right arm on the armrest scenario was
chosen as a scenario considering the right hand not
in contact with the steering wheel (Figure 10). It
was noted that “82.5% kept their right arm on the
rest and hand off the wheel” [11], as is modelled in
Figure 11.

Left hand position

Right hand position

82 5% kept their arm
on the arm rest and
hand off the wheel

Figure 10: Left Hand position while resting on
armrest

Figure 11: Armrest computer model setup

Vehicle braking extreme braking pattern

Vehicle braking deceleration cannot exceed the
road coefficient of friction and is accepted to be in
the interval of 1.0°g’ to 1.3’g’ in very rare instances
[8]. Original work conducted on active safety
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assumed a constant ‘g’ pulse ignoring the duration
of braking [8].

Some occupant behaviour under extreme braking
was conducted to understand their reaction [13].
These occupants were belted and, without knowing,
driven by a professional driver performing extreme
braking scenarios. Accelerometers at the centre of
gravity of the vehicle outputted the vehicle linear
deceleration, without taking the brake dive into
account (Figure 12).

PRISM Vehicle Deceleration

——PRISM deceleration
06 pattern (CoG)
04 / \\
0.2 \
05 1 15 2 25 % / 35 4
02

04

Acceleration (g)

Time (s)
Figure 12: Straight line braking. Vehicle deceleration

From this deceleration pattern, it can be seen that
the deceleration initially ramps up slowly during
the first 0.3s and then abruptly to reach 0.9°g” after
1.0s (near plateau). This pulse is less severe than a
constant step-function of 1.0°g’ and shows that the
longer the braking, the steeper the deceleration.
This pre-braking pulse suggests a more gradual
deceleration for the 1% second of deceleration
compared to a step-function constant pre-braking
value.

Modelling the occupant grip on the steering
wheel

The 50" AHBM (Active Human Body Model)
model designed by TNO, as seen in Figure 13, now
includes a stabilized spine compared to the PHBM
(Passive Human Body Model).

This 50" AHBM stabilizing spine contains 25 joint
torque actuators, sensors and controllers for each of
the two bending directions (25 in flexion-extension
and 25 in lateral bending). The actuators are
positioned between the pelvis and the L5 vertebra,
between each set of vertebrae (L5-C1) and between
C1 and the head. Each actuator applies a torque to
the child body of the vertebra above (or of the
head) calculated by the controller. The controller
receives input from the sensors, which measure the

angle of each vertebra with respect to the inertial
coordinate system, hence maintaining the AHBM’s
posture [9].

Figure 13: TNO AHBM [3]

To evaluate the gripping force, Bao [14] has
performed experiments involving hand power and
pinch grips among 14 subjects, using
electromyograms (EMG). He has concluded that
the power grip strength is approximately 300 N for
women and 470 N for men. These values differ
vastly from Bose [15] who has extrapolated the
hand forces from the steering column loads to a
maximum of 15IN. Boa’s tests being more
applicable in the scenario of this study, an average
resultant force value of 400N was chosen.

The grip was modeled using a
RESTRAINT_POINT between the AHBM’s hands
and the steering wheel body. This feature is a
spring-damper element for which stiffness has been
determined to simulate the hand releasing force as
well as keeping a reasonable computational
timestep [9].

Table 1: RESTRAINT _POINT characteristic

function
Displacement (m) Force (N)
0 0
0.005 10000
0.010 20000
0.100 100000

The force level is monitored using a
SWITCH_SENSOR command. Should the
resulting force between the hand and the steering
wheel body exceed 400N, the STATE
RESTRAINT_REMOVE flag is activated,
representing the effect of removing the hand from
the steering wheel.

Comparison of AHMB and PHBM under 1.0°g’
constant deceleration
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Looking at this worst pre-braking scenario, an
AHBM and PHBM are both compared under 1.0
‘g’ using the 400N hand grip threshold. The two
occupants start at the same position and the
simulation is stopped when the thorax impacts the
steering wheel (Figure 14).

It can be noted that:

e  The contact time between the thorax/
steering wheel is comparable between the
two occupants.

e  The kinematics between the 2 occupants is
different. The PHBM tends to slouch
because it does not have a stabilised spine,
nor grip stiffness in its arms and hands.
This can have an effect as the AHBM will
stand straighter and will be more likely to
impact the windscreen than the PHBM.

Figure 14: Comparison of AHBM (light) and PHBM
(dark) kinematics under 1.0 ‘g’ constant deceleration

Outputting the restraint force levels for both hands,
it can be noted that in a FMVSS208 steering wheel
grip, the 2 hands are subjected to a force of 90N.

The force level measured might be under-estimated
due to the fact that there is no arm muscle
activation included in this model yet.

Comparison of AHMB under 1.0°g’ constant ‘x’
deceleration and PRISM deceleration pulse

Four occupant stances were considered and
subjected to the PRISM deceleration and constant
1.0’g’ deceleration. The results are summarised in
Table 2.

Table 2: Comparison of occupant time to contact to
hard points vs. Stance and deceleration pulse

Time |Time hand
thorax to not
Deceleratlon Driver's steering | gripping
braking wheel or | the wheel
stance
pulse any hard | anymore
contact (ms)
(ms)
PRISM FMVSS208 720 _S“'.'
gripping
PRISM Mobile 750 st
phone gripping
PRISM Arm on 1000 st
armrest gripping
PRISM Left ar.m on 760 .Stl|.|
radio gripping
Constant | £y ivsso08 | 260 sl
I’g gripping
Con’stfant Mobile 260 _Stll_l
I'g phone gripping
Constant Arm on 260 Still
I’g’ armrest gripping
Constant Left arm on Still
. 250 -
I’g’ radio gripping

From the results obtained, it can be seen that the
times for the occupant to impact the steering wheel,
using the pre-braking pulse obtained in the PRISM
project, are constantly longer (for every occupant’s
stance) than the ones obtained using a constant 1°g’
pulse. The times to impact using the constant 1.0
g’ pulse are almost 3 times faster.

Because the PRISM pulse is obtained from tests, it
means that the assumption taken in previous studies
[8] is much too severe.

Comparison of AHMB under 1.0°g’ constant
deceleration and vehicle braking dynamics

Original research was considering a 1.0’g” constant
deceleration for a pre-braking scenario by using the
MOTION_ACC command in Madymo [8] [16].
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This can be observed in Figure 15, as the velocity
slope of run 8 is constant.

Vehicle Velocity

e

5]
n

o, 1'g constant pre-braking (run 8)
& | |esese= PRISM pre-braking (run 16)

\.k_.\

5
£

o
e,

Vehicle Velocity (m/s)
o

S
n
Kl
il

10

50 100 150 200
Time (ms)

1

0

Figure 15: Vehicle velocity change under 1.0°g’
constant braking

By measuring the vehicle mass (1140 kg) and
applying a constant 1.0’g’> deceleration would
generate a braking force for the vehicle of 20307N.
By splitting the braking forces at the front and the
rear with a ratio of 60/40, would give a retarding
force per wheel at the front of 6092N and of 4061N
at the rear.

The occupant kinematics is then extracted (no dive
— top, brake dive — bottom) (Figure 16, Figure 17
and Figure 18):

Loadcase 1 Time = 0.000000
Frame 1

o

AHBM. 1'g' constant deceleration due to brake dive
Result : Run 16
Loadcase 1: Time =0,000000
Frame 1

@

Figure 16: Brake dive estimation (time = 0ms)

AHBM. 1'g’ constant deceleration
Result: Run 8
Loadcase 1 : Time = 0.120000
Frame 13

Frame
Figure 17: Time 120ms: drivers’ stance and position
in the cockpit is comparable.

In Figure 18 the drivers’ stance and position in the
cockpit is very different. The brake dive scenario
delays the impact on the steering wheel compared
to the 1.0’g’ constant acceleration. The occupant
submarines in his seat and the angle between the
airbag and the occupant is wider.

AHBM. 1'g' constant deceleration due to brake dive
Result : Run 16
Loadease 1 Time =0.120000
13

AHBM. 1'g' constant deceleration
Result - Run3
Loadcase 1 Time = 0260000
Frame 27

Figure 18: Time 260ms

Preliminary conclusions

The kinematics of an AHBM is different from a
PHBM and tends to stay straighter because of its
stabilising spine. These new AHBM kinematics
suggests an increased likelihood of head contact
with the windscreen as opposed to using the PHBM
model, which has a more slouching behaviour.

The pre-braking kinematics modelling has been
improved from previous studies, thanks to the
addition of a more realistic pre-braking pulse
obtained from the PRISM project as well as the
grip feature from the new AHBM.

Bastien 6
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The first 120ms of an unbelted occupant kinematics
subjected to a 1.0’g” constant pre-braking
deceleration is not influenced by the vehicle brake
dive. Looking at the PRISM test braking curve,
which is much less severe than a constant 1.0°g’
and knowing that all the occupants would impact
the wheel around 0.7s, it would be surprising if the
brake dive had any influence on an unbelted
occupant’s kinematics before a 1s braking duration
(1.0’g’ is only met around 1s braking duration). A
side study could aid to find the braking/dive
function which would match the PRISM
deceleration pulse and demonstrate the above
categorically.

For the continuation of this paper, the PRISM ‘x
direction’ deceleration function will be used and
will ignore vehicle brake dive.

ACTIVE SAFETY INJURY COMPUTATION
Active Safety Accident Scenario Proposal

A new methodology is now proposed [8] varying
by the following (see Figure 19):

e The pre-braking will be provided by the
PRISM braking pulse and not a constant
1.0’g” deceleration, as the former is more
realistic.

e The vehicle crash pulse will be based on
an FMVSS208 25mph full frontal barrier
test and not a 35mph barrier test. The
reason for this change is because unbelted
occupant tests are performed at 25mph.
This will then be useful for future injury
comparisons.

e The occupant model used will be the
AHBM with steering wheel grip feature

The starting point of the scenario is a vehicle
driving at a constant velocity.

The vehicle is then subjected to a pre-braking pulse
(from the PRISM project) with varying braking
durations. When the pre-braking phase is finished,
the vehicle occupant will be accelerated by a crash
pulse based on a 25mph (11m/s) rigid wall impact.
This acceleration will be followed shortly after by
an airbag deployment (delay varying from 10ms to
20ms). The active safety scenario timeline is
explained in Figure 19.

Airbag Time to Fire (10ms to 20ms)

i ¥
. Airbag
) Vehicle
1'g’ braking PRISM Impact at

With varying duration 25mph
(FMVSS208) 4

Occupant Occupant
relative relative
velocity = 0 velocity # 0

Figure 19: Updated Active safety scenario to
investigate injury levels

Determination of the vehicle crash pulse and
restraint systems assumptions

The airbag system provided has been validated in
static positions OoP1 and OoP2 [6] [7] [8].

A simplified sled model was generated and tuned in
order to meet a dynamic FMVSS208 test. This
model has not been validated, but it does however
allow investigation of relative analyses based upon
a model meeting the legal requirements.

An LS-Dyna computer model of a Toyota Rav4 has
been used [17] to simulate a 25mph rigid wall
impact (Figure 20) and extract a generic low speed
crash pulse.

Figure 20: Toyota Rav4 impacting a rigid wall at
25mph

The pulse has been approximated to a triangular
one (Figure 21). The maximum deceleration level
is around 30’g’. In order for the system to meet
FMVSS208, the starting value of 6’g’ is chosen,
whilst keeping the same pulse shape.

Bastien 7
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Toyota Rav4 25mph Crash Pulse
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Figure 21: Approximation of Toyota Rav4 crash pulse

Determination of study parameters and
permutations

The study will investigate the effect of the pre-
braking duration, as well as the occupant starting
stance and the airbag firing time.

Looking at the PRISM pre-braking pulse, the
braking duration should be chosen before any hard
contact between the occupant and the steering
wheel take place.

1 4

0.8 1

0.6 .
Fastest time

i the unbelted
. occupant

| contacts

- steering wheel
| (720 ms in

. FMVSS208
stance)

Proposgd

Accel (G)
o
Fy

02

Figure 22: Proposed braking duration and occupant
contact time with steering wheel

Furthermore a suitable accident time needs to be
chosen for the injury investigation. Should the pre-
braking phase be too small then no collision
avoidance will be available. Should the pre-braking
phase last too long, then the occupant will find
himself in a forward position relative to the steering
wheel with an initial velocity before the airbag is
fired.

From the previous kinematics study, it was
estimated that the contact occupant (FMVSS208) to
steering wheel occurs after 720ms of pre-braking.
Hence the pre-braking phase must be less than
720ms.

It is therefore proposed to split the pre-braking
duration into 4 interval durations: Oms, 200ms,
400ms and 500ms, staying within the 720ms
window (Figure 22). 500ms is chosen because it is
immediately before the legs start contacting the
knee bolster.

The following parameters are taken into account in
the study (Table 3):

Table 3
Study parameters
Duration of
Occupant pre-braking | Airbag TTF (ms)
stance
(ms)
FMVSS208 0 10
Left hand
with mobile 200 20
phone
Right arm 400
on armrest
Adjusting 500
radio

Computation of occupant initial velocities

The human_joint will be extracted for each driving
stance position.

Table 4: Occupant initial velocities vs. pre-braking

duration
Occupant Duration of
P pre-braking Velocity (m/s)
stance
(ms)
0 0
[9p]
O
> 200 0
<
|_
[9p]
- 400 0.44
—
<
500 0.90
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Looking at Table 4, it can be seen that the first
200ms of the pre-braking have almost no effect on
the occupant position and initial velocity. The ‘g’
level is very low (around 0.02°g”), which must be
counter-acted by the seat friction and the
occupant’s inertia.

At time 400ms, the occupant is moving forward
with a linear velocity of 0.44m/s.

At time 500ms, the knees start to touch the knee
bolster before the torso rotates to then touch the
steering wheel.

It can be seen that all the velocities are identical in
all stance cases under 500ms and will vary greatly
thereafter (Figure 23).

Occupant velocity

i
VA
. v
——Occupant FMVSS208 ’_",..—/ ¥
Y A

------ Occupant left hand on mobile phone :
- - = Occupant adjusting radio i
=== Occupant's right arm on armrest H

¥
0 100 200 300 400 500 600 700 800 9200 1000
Time (ms)

Figure 23: Occupant’s velocity during pre-braking

Also, from previous research, where a constant 1°g’
deceleration was used, the initial velocity of the
occupant 250mm from the steering wheel was
found to be 1.76m/s [8], which is more than twice
the velocity extracted from models in which the
PRISM pre-braking pulse is used.

Injury comparisons and analyses

To create a baseline for the study, the relationship
between the windscreen provided by the vehicle
dynamic model and the occupant was modified.
This windscreen has been moved 100mm forward
to prevent any hard contacts with the occupant’s
head, hence allowing all the FMVSS208 criteria to
be achieved.

Results are summarised in the tables below:

Table 5: 50th percentile AHBM model.
Pre-braking Oms. TTF 10ms

50th percentile AHBM model.
Pre-braking Oms TTF 10ms

© e
Major headneck | & | & o | B
.. n o = s
and chest injury g o =2 =
values S |5 | & <
LL
=
Run number 39 31 40 41
Head H'C([?]S M) | 213 |aas | 7 | 12
Nij [-]
Tension- 0.05 | 0.21 | 0.05 | 0.04
Extension
Nij [-]
Tension- 0.04 | 0.17 | 0.03 | 0.04
Flexion
Nij [-]
Compression- | 0.27 | 1.1 | 0.2 | 0.04
Extension
Neck Nij [-]
Compression- | 0.05 | 0.16 | 0.06 | 0.05
Flexion
Tension force
376 | 88 | 249 | 305
[N]
Compression
force [N] 219 | 788 | 182 | 200
Flexion [Nm] | 33 | 129 | 29 46
Extension
[NM] 10 49 8 7
Chest Acce;g(]?’ M) 110|165 | 5

From the results in Table 5 (normal FMVSS208
stance situation) , it can be seen that all the figures
are within the legal limit, except the case for the
occupant holding a mobile phone which suggest a
NIJ (Compression- Extension) above 1. ldentical
results have been obtained with a pre-braking delay
of Oms and 200ms respectively, in combination
with airbag firing times of 10ms and 20ms.
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Table 6: 50th percentile AHBM model. Pre-braking
400ms TTF 10ms

50th percentile AHBM model.
Pre-braking 400ms TTF 10ms

© 2
Major head neck S |2 | | B
.. 9] o = et
and chest injury g @ 2 c
values S |2 |T |<
L=
Run number 50 56 54 52
Head H'C([?]S M) | 105 | 65 | 61 | 110
Nij [-]
Tension- 0.6 (048] 03 | 0.6
Extension
Nij [-]
Tension- 0.08 | 0.09 | 0.07 | 0.06
Flexion
Nij [-]
Compression- | 0.08 | 0.63 | 0.5 | 0.85
Extension
Neck Nij [-]
Compression- | 0.2 | 0.2 | 0.2 | 0.2
Flexion
Tension force
967 | 893 | 838 | 898
[N]
compression | o6 | 407 | 343 | 416
force [N]
Flexion [Nm] | 102 | 82 | 67 | 110
Extension
[Nm] 20 18 19 19
Chest AcceEg(f M) | 14 | 13| 13| 14

From the results in
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Table 6, all the values in the table for a pre-braking
lasting 400ms and an airbag with a time to fire of
10ms are within the legal limit.

It can be noted that, with the exception of the
mobile phone case, the extreme values for tension
force, compression force, flexion and extension are
higher than in a normal FMVSS208 starting stance.

Table 7: 50th percentile AHBM model. Pre-braking
500ms TTF 10ms

Table 7 for a pre-braking lasting 500ms and an
airbag with a time to fire of 10ms are within the
legal limit.

It can be noted that injury values are in general less
than for time 400ms with an airbag time to fire of
10ms.

Compression and tension forces tend to be less than
for the starting FMVSS208 scenario, but the
flexion and extension are generally higher.

Table 8: 50th percentile AHBM model. Pre-braking
400ms TTF 20ms

50th percentile AHBM model.
Pre-braking 500ms TTF 10ms

50th percentile AHBM model.
Pre-braking 400ms TTF 20ms

© e
Major head neck R 8 | |8
.. 2] o = s
and chest injury g o =2 c
values S |32 |* |<
LL
=
Run number 51 57 55 53
HIC (1
Head C([_]S M) | 78 | 35 | 44 | 82
Nij [-]
Tension- 0.06 | 0.07 | 0.06 | 0.07
Extension
Nij [-]
Tension- 0.09 | 0.08 | 0.09 | 0.08
Flexion
Nij [-]
Compression- [ 0.6 | 0.35( 0.18 | 0.67
Extension

Neck Nij [-]
Compression- | 0.2 [ 0.09 [ 0.11 | 0.13

0 e
Major head neck & |2 |o | 8
. - [92] o — o
and chest injury g @ g c
values S |2 |* |<
L
=
Run number 60 66 64 62
Head H'C([?]S ™) | 118 | 90 | 30 | 65
Nij [-]
Tension- 0.6 06 | 0.2 | 04
Extension
Nij [-]
Tension- 0.1 01 1] 01 0.1
Flexion
Nij [-]
Compression- | 0.8 | 0.7 | 0.3 | 0.7
Extension
Neck Nij [-]
Compression- | 0.2 [ 0.2 | 0.2 | 0.2
Flexion
Tension force
974 | 885 | 811 | 973
[N]
Compression
force [N] 410 | 420 | 367 | 494
Flexion [Nm] | 105 | 92 | 44 91
Extension
[NM] 21 17 22 19
Chest Acce;g(]?’ M) 14 | 14| 13| 15

Flexion
Tension force
367 | 218 | 244 | 351
[N]
Compression
force [N] 131 | 106 | 145 | 116
Flexion [Nm] 69 43 21 82
Extension
[NM] 27 19 23 23
Chest | ACCTBMS) 1 | g | 10 | 11
[g]
All the values in the

All the values in the Table 8 for a pre-braking
lasting 400ms and an airbag with a time to fire of
20ms are within the legal limit.
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It can be noted that all the injuries, for all cases,
have the same magnitude as for a pre-braking
lasting 400ms with an airbag with a time to fire of
10ms.

It can therefore be proposed that up to a pre-
braking duration of 400ms, a wusual airbag
triggering time (between 10 and 20ms) does not
have a major influence on occupant injuries
compared to a standard unbelted FMVSS208 test.

In Figure 24, looking at the FMVSS208 driving
scenario, it can be clearly seen that the injury traces
have the same shape and timing regardless of the
airbag firing time.

The main difference is in Fx, where the airbag
strikes the occupant in the ‘X direction, as it is its
primary direction of deployment. As the airbag has
a pressure-time inflation characteristic, it will
create a different load level according to the time it
is struck.

Neck (Fx)

30(

2001

1004

Force (N)

1001

-200 Time=0. TTF=10ms
Time=400 TTF=10ms
23000 [ Time=500. TTF=10ms
""" 3 Time=400. TTF=20ms|
Tme=500. TTF=20ms
5 100 135 150 15 300 335 350

Time (ms)

Figure 24: FMVSS208 driving stance. Neck Fx
injuries

The neck tension and compression forces (Figure
24, Figure 25) in the neck are almost a perfect
overlay, showing that the airbag firing time does
not affect the injury patterns in FMVSS208
scenario.

Neck (Fz)

600

400

200

0

=200/ R

Force (N)

4001
A Time=400. TTF=10ms

Time=500. TTF=10ms
Time=400. TTF=20ms
|=++= FMVSS208. Tume=500. TTF=20ms

-600

-800

1000 - - — —— z == = 2
0 25 50 5 100 125 150 175 200 225 250
Tume (ms}

Figure 25: FMVSS208 driving stance. Neck Fz
injuries

At time 130ms, 165ms and 212ms, it can be seen
that the neck moments are asymptotic. This also
ties up with a change of direction of the value of
Fz, where neck compression is suggested.

Neck Moment (N.m)

’SS208. Tune=0. TTF=10ms £
3 Time=400. TTF=10ms| b
3. Time=500. TTF=10ms|
3. Time=400. TTF=20ms

100

80

60

40

20

Neck Moment (N.m})

0 25 50 75 100 125 150 175 200 235 250
Tune (ms)

Figure 26: FMVSS208 driving stance. Neck My
injuries

Simulations with asymptotic neck moments do
indeed show that the occupant’s head contacts the
windscreen, as illustrated in Figure 26 and Figure
217.

Figure 27: Occupant's head contacting the
windscreen

Bastien 12



Table 9: 50th percentile AHBM model. Pre-braking
500ms TTF 20ms

50th percentile AHBM model.
Pre-braking 500ms TTF 20ms

Upon contact with the knee bolster, the torso
rotates about the hip joint. At this point, the
occupant is not sitting straight anymore and
slouches on the airbag.

As the occupant is not sitting straight, its head
position relative to the windscreen is different than
for the scenario where the pre-braking lasts 400ms.

This is the reason why the neck moments generated
by the head contact to the windscreen is less severe
for a pre-braking of 500ms than for 400ms.

Pre-braking 400ms
Airbag firing time: 10ms

Pre-braking 500ms
Airbag firing time: 10ms
Loadcase 1 : Time = 0.043000

Loadcase 1 : Time = 0.043000

Pre-braking 400ms
Airbag firing time: 10ms
Loadcase 1 : Time = 0.072000

Pre-braking 500ms
Airbag firing time: 10ms
Loadcase 1 : Time = 0.072000

0 e
Major head neck Q 2l1s | B
.. ) o = et
and chest injury g @ §) =
values S 53| T |<
L=
Run number 61 67 65 63
Head | 11¢ ([%]5 M) | g5 |10 | 26 | 11
Nij [-]
Tension- 0.1 01]011]01
Extension
Nij [-]
Tension- 0.1 01]01] 01
Flexion
Nij [-]
Compression- | 0.6 01101 0
Extension
Neck Nij [-]
Compression- | 0.1 01]01]01
Flexion
Tension force
397 | 233 | 187 | 213
[N]
Compression
force [N] 150 118 | 157 | 154
Flexion [Nm] 75 9 8 9
Extension
[NM] 24 27 | 24 | 30
Chest AcceEg(]B M)l 13 | o911 o

All the values in Table 9 for a pre-braking lasting
500ms and an airbag with a time to fire of 20ms are
within the legal limit and are the same level as with
an airbag tiring time of 10ms.

It can be noted that all injuries, for almost all cases,
are less severe than the corresponding ones for a
pre-braking lasting 400ms with an airbag fire time
of 20ms. This is counter intuitive, as the occupant
is closer to the steering wheel and moving toward
the airbag at a higher speed.

Looking at the occupant kinematics (Figure 28), it
can be noted that the occupant’s legs are impacting
the knee bolster.

Pre-braking 400ms
Airbag firing time: 10ms
Loadcase 1 : Time = 0.101000

Pre-braking 500ms
Airbag firing time: 10ms
Loadcase 1 : Time = 0.101000

Pre-braking 400ms
Airbag firing time: 10ms
Loadcase 1 : Time = 0.132000

Pre-braking 500ms
Airbag firing time: 10ms
Loadcase 1 : Time = 0.132000
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Pre-braking 400ms Pre-braking 500ms

Airbag firing time: 10ms Airbag firing time: 10ms

Loadcase 1 : Time = 0.165000

Loadcase 1 : Time = 0.165000

Figure 28: Occupant Kinematics Comparison
between 400ms and 500ms pre-braking duration

CONCLUSIONS

This paper reviewed the kinematics and potential
injury levels from different unbelted driving
stances (established by the PRISM project) caused
by an active safety scenario comprising of a pre-
braking event followed by a 25mph FMVVS208
impact phase, using an Active Human Body Model.

It showed that using a constant pre-braking load
was a too severe loadcase and that the vehicle pre-
braking nose dive may have further effects on the
occupant’s kinematics and relationship between its
position in the vehicle and the airbag system.

It was found that the unbelted driver’s pre-braking
kinematics were different according to the starting
driving stance (FMVSS208, adjusting the radio,
holding a mobile phone and driving with the arm
on the armrest). It was however also found that
prior to any hard contact inside the vehicle interior;
the occupant’s velocity was independent of the
starting driving stance, as would be expected

For a standard FMVSS208 occupant starting
position, subjected to a pre-braking followed by a
vehicle impact phase, it has been shown that the
airbag firing time (for which the extremes where
set to 10 and 20ms) did not have any major
influence on the shape and magnitude of the
tension/ compression loads and the neck moments.

It was found that the kinematics of the AHBM is
the same for the first 200ms of the pre-braking
phase in all models, as the braking pulse is low and
is overtaken by the seat friction.

It follows that for a pre-braking lasting 500ms
before wvehicle impact occurs; the occupant’s
kinematics are modified because of the interaction

with the knee bolster, forcing the torso to rotate
about the hips, hence avoiding direct head contact
with the windscreen.

FURTHER WORK

Further research will consider looking into more
detail in the mobile phone, armrest and radio
stances and comparing their outcomes with the
findings generated by the standard FMVSS208
driving stance.

Occupant injuries from accident avoidance by
swerving and breaking could also be considered
and compared with the ones from this paper
forward pre-braking [18].

This study should be extended to look into longer
duration pre-braking phase and extend the scope to
duration greater than 500ms as well as including
arm and leg muscle activation.
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ABSTRACT

In this study, human kinematic response resulting
from various pre-crash braking scenarios is
quantified. The underlying question is what effect
pre-crash braking systems have on the driver or the
front seat passenger.

The vehicle deceleration pulses resulting from
various  pre-crash  braking  strategies  are
implemented on a vehicle interior model in a multi-
body software code. The two most important
strategies are based on 1) a brake assist system with
modulated braking (BAS+) and 2) an autonomous
braking system (AUT). In addition, simplified
braking scenarios at various deceleration levels (3,
6 and 9.5 m/s®) are simulated. The driver is
represented by a numerical human model
incorporating, besides all passive stiffness and
damping properties, algorithms that simulate active
stabilising behaviour in case of an induced
acceleration on the body. The lumbar and thoracic
spine are stabilised by torque actuators, while the
cervical spine is stabilised by Hill-type muscle
segments. The level of control, bracing and
reaction time delays can be varied. This allows for
the simulation of various attention schemes. A
parameter study is performed, in which sensitivity
of the kinematic response to vehicle braking
strategies and to various human reaction types are
discussed and compared to findings in literature.

This study provides insight in human kinematic
motion in the vehicle under various braking
scenarios and human attention levels. The methods
currently lack specific validation for frontal pre-
crash braking, due to the lack of available volunteer
testing data. Also, due to the complexity of human
behaviour and the current state-of-the-art regarding
its characterisation or modelling, the models are
empirical of nature, however provide practical
guidance to the range of possible pre-crash
kinematics as a result of varying human
behavioural strategies. Conclusions from this
research are that driver attention plays an important
role in determining the effectiveness of pre-crash
braking systems in preventing severe occupant
motions and in positioning the occupant in an
optimum position at time of impact.

INTRODUCTION

Pre-crash braking systems

Pre-crash braking systems are being employed in
vehicles on the market currently, and the
performance of them is being improved with the
availability of more accurate sensor technology and
risk estimation algorithms. Even though these pre-
crash braking systems have limited penetration in
the vehicle fleet, even in developed countries,
numerous studies showing their efficacy have been
performed. For example, Kuehn et al. (2009)
showed that a collision mitigating braking system
(of level 2) can avoid 12.1% of all crashes if all
cars would be equipped with such a system. A level
2 system is defined as a system that, based on
forward environmental detection and estimation of
case vehicle speed, provides a warning at Time To
Collision (TTC) of 2.6 s, performs automatic
partial braking of 0.4-0.6 G if the driver has not
braked at TTC 1.6 s or a applies modulated braking
to avoid the crash if the driver has applied the
brakes at TTC 1.6 s. Schittenhelm et al. (2009)
assessed the effectiveness of various stages of pre-
crash braking systems based on comparing
registered crashes with numbers of sold cars with
or without such a system. The presence of Brake
Assist systems resulted in 8% less rear-end
collisions to occur and 13% less serious impacts
against pedestrians. More advanced systems, with
warning, modulated braking when the driver reacts
and partial autonomous braking, similar to as
defined by Kuehn as level 2, showed to be able to
avoid a collision with a vehicle in front in 20% of
all cases and to reduce the severity in 25% of all
cases. As such, pre-crash braking systems are
entering the market that act differently when the
driver does or does not apply the brakes, i.e. detects
the oncoming crash. In this light, Ore et al. (1992)
indicated that roughly half of all vehicle occupants
apply the brakes prior to a frontal collision.

Woldrich et al. (2010) presented a pre-crash
braking system that attempts to position the
occupant in an optimum position at the time an
apparently inevitable crash occurs. Moreover, the
system attempts to provide the occupant with as
much as safely possible rearward velocity, in order
to mitigate the consequences of a possible
oncoming crash. This safety system functions
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during the pre-crash braking phase by means of
seat belt actuation and as such highly depends on
accurate prediction of occupant kinematics in the
pre-crash braking phase.

Human kinematic behaviour characterisation
As discussed in the previous section, the
characterisation and quantification of human
kinematic behaviour in the phase prior to the crash
is of importance for optimal restraint performance
and as such for mitigating fatalities and injuries in
the case a crash occurs. Based on volunteer tests,
Begeman et al. (1980) identified muscle activation
reaction times of more than 200 ms when exposed
to frontal impact acceleration. Choi et al. (2005)
performed volunteer tests to assess the change in
driver posture as a result of bracing for an impact
that was detected by the driver. In addition, muscle
activation levels were computed from EMG
measurements as well as forces applied on the
vehicle structures. Occupant motion as a result of
acceleration was not quantified. Ejima et al. (2009)
performed a series of tests with volunteer seated on
rigid seats, restrained by a three-point belt system
and subjected to a 600 ms 0.8 G constant
deceleration. For a tensed volunteer, kinematic
figures indicate that head forward displacement
was in the order of 100 mm at 200 ms after impact,
while T1 forward displacement was in the order of
25 mm and hip forward displacement around 10
mm. For a relaxed occupant restrained by a lap belt
only, the head displacement was in the order of 600
mm at 600 ms after impact with T1 displacement
around 400 mm. In an earlier study with tensed
volunteers on simple seats and an approximate 200
ms duration 1.0 G pulse Ejima et al. (2007)
identified that the sternocleidomastoid muscles in
the neck were activated around 100-200 ms after
impact at the time when the torso was moving
forward more than the head, i.e. the head moved
rearward with respect to T1. In a later phase, when
the head/neck goes into flexion the paravertebral
muscles (i.e. longus colli and longus capitis) were
activated. In addition, the latissimus dorsi muslces
in the torso were activated. Behr et al. (2010)
focussed on lower extremity kinematic and muscle
activation behaviour during emergency braking and
established reaction times for first movement of the
foot after the emergency situation was visually
detected of 0.285 s (0.042 SD). Muscle activation
levels were up to 57% of the maximum possible
activation level for muscles in the lower extremity.

Numerical human modelling

From Crandall (2008) it can be stated that due to
the breadth of variations in which collision-induced
injuries occur, in order to achieve goals set in
further injury and fatality reduction, numerical
simulation methods allow for vehicle (restraint)
design for optimising towards real-world

protection, as opposed to protection in a specific
scenarios. In doing so, a concise review was
presented on the state the art in numerical human
modelling for injury reduction. Bose et al. (2008)
used a numerical human model (de Lange et al.,
2005 & Cappon et al., 1999) to study the effect of
pre-impact posture, as well as levels of muscle
bracing in the lower extremities and body mass and
stature, on the injury risk in the event a crash was
unavoidable. Pre-impact posture was shown to be
the parameter affecting the injury risk the most. In
an optimisation routine it was found that with a seat
belt system with adaptive force limiting settings
and variable pretensioner firing time, a reduction of
injury risk of up to 35% could be achieved. While
this study showed the necessity for the prediction
of occupant kinematics, the human model used
could not predict this in the pre-crash phase.

In order to develop human models that predict
occupant kinematics during emergency braking
manoeuvres, the active muscle response behaviour
of occupants needs to be simulated. While
numerous human models have been developed that
simulate muscle behaviour at various levels of
detail, limited models are able to predict human
reactive response to an external stimuli, such as
vehicle braking. Most models merely prescribe
muscle  activation  dynamics  based  on
electromyography (EMG) measurements in similar
test environments. The first known approach to
predicting human reactive response was developed
by Cappon et al. (2007). A passive human model,
validated for the crash scenarios (de Lange et al.,
2005) was extended with torque actuators acting on
each spinal vertebrae, being controlled by a set of
PID-controller, thus stabilising the spine resulting
in human-like kinematics. Obviously, body internal
loads as well as the stabilising algorithm were not
human-like. In order to overcome this deficit, Fraga
et al. (2009) applied similar PID controllers,
however acting on Hill-type line element muscles
present in a multi-body neck model. This controller
approach was given a higher degree of biofidelity
by developing a control algorithm that allowed for
a definition of muscle recruitment strategies,
provision of a level of co-contraction and
uncoupled control in three main degrees of freedom
of the neck, i.e. head roll, pitch and yaw motion
(Nemirovsky et al., 2010). Similar approaches are
taken currently by Osth et al. (2011) and Priiggler
etal. (2010).

Objectives

The objective of this study is to predict human
kinematic response resulting from various pre-
crash braking scenarios, based on simulations with
numerical human models that are developed to be
suitable for such simulations and to study
sensitivity to driver attention schemes.
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METHODS
Simulation setup

For this study a human model was developed in

MADYMO that was a combination of two models:

e The human model with stabilising spine
(Cappon et al. 2007) was used for actuation of
lumbar and thoracic spine

e The human neck model with Hill-type line-
element muscle control (Nemirovsky et al.,
2010) was coupled to the above human model

This combined model is shown in figure 1.

3 sets of PID
controllers on
muscles: roll,
pitch, yaw

neck

muscles . =

Fa
;ﬂﬂgfms - 4 sets of PID

controllers on
joints: lumbar &
thorax / roll &
pitch

Figure 1. The MADYMO active human model
with stabilising spine and neck model with line-
element muscle control.

This model was positioned in a simplified vehicle
interior model, in order to focus on occupant
behaviour as opposed to vehicle model parameters.
The human model was positioned on a rigid seat
with flat surfaces at angles similar to an automotive
seat. A rigid foot well surface was introduced, as
well as a steering column with steering wheel. A
three-point belt system with standard belt stiffness
and retractor properties was fitted around the
occupant. The occupant’s hands were constrained
to the steering wheel with a maximum force of 400
N per hand, simulating grip as based on Bao
(2000). The model setup is shown in figure 2.

Figure 2. The MADYMO active human model
in a simplified vehicle environment.

A wuni-axial linear acceleration, without vehicle
pitch motion, was implemented on the occupant
environment in order to simulate vehicle braking.
First, a set of three idealised vehicle braking pulses
assuming constant deceleration from 50 km/h to 0
km/h were implemented, as shown in figure 3.

12

—9.5m/s"2
10 — -6m/s"2 ||
5‘ ’ 3 m/s"2
€
£ 8
S
g !
2 i
g 41 :
& I
©
2 |
0- : — : :
0 1 2 3 4 5
time [s]
Figure 3. Idealised vehicle braking pulses at

various deceleration levels, decelerating the
vehicle from 50 km/h to 0 km/h.

Secondly, two pulses approximating possible
responses from two types of pre-crash braking
systems were implemented, as figure 4 shows:

e  BAS+ is the deceleration profile arising from a
Brake Assist system in which the driver
applied the brake while the system applies the
amount of modulated braking necessary to
prevent a collision with an object in front.

e AUT is the deceleration profile from an
autonomous braking system that first applies
partial braking at 4 m/s’, then full braking to
assure collision avoidance.
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Table 1.
Muscle activation strategies employed with
varying control, delay and co-contraction (CC)
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Figure 4. Pre-crash braking system pulses for
Brake Assist with modulated braking (BAS+)
and an autonomous braking system (AUT), both
decelerating the vehicle from 50 km/h to 0 km/h.

In the human model various activation strategies or

attention levels are simulated by varying settings of

the controller. In table 1, three strategies are
defined:

e Validated: represents the controller settings for
which the human model was validated, as
presented in Cappon et al. (2007) and
Nemirovsky et al., (2010). The PID controller
settings for the various body parts determined
through optimisation towards an experimental
dataset. For the neck, frequency response
perturbation tests (Keshner et al., 2003) and
3.6 G rear impact tests performed by JARI
(Ono et al., 1999) served as validation dataset.
For lumbar and thoracic spine it was based on
Muggenthaler (2005)

e Attentive: originally, the controller settings for
the validated strategy were believed to
simulate an attentive driver due to the
relatively high G level anticipated by the
volunteers in the JARI laboratory tests.
However, it was found that a constant level of
co-contraction as high as 80% resulted in the
neck locking up in a different position than the
reference position due to the braking input. In
order to overcome this, a co-contraction
algorithm needs to be implemented that is
variable for a change in head/neck pitch
orientation. As such, the attentive scheme
incorporated reduced co-contraction at 40%
and tenfold increased PID settings in the neck.
In addition, response time delay was reduced
to 0 ms, since the driver is fully aware of the
oncoming impact.

e The inattentive scheme presumes a person is
not paying attention to the road or is even
asleep. As such, the PID settings are reduced
with respect to the attentive strategy. In
addition, a response time of 500 ms is
introduced, as well as a 10% level of co-
contraction, barely able to hold the neck
upright.

settings
strategy control delay CC
validated neck: excitation: | 80%
P: 04 30 ms
1: 1.25 activation:
D: 0.07 10 ms
thorax: response:
P: 12 100 ms
I: 1.1
D:3.3
lumbar:
P: 18
I 1.5
D:3.2
attentive neck: excitation: | 40%
P: 4.0 30 ms
1:12.5 activation:
D: 0.7 10 ms
thorax: response:
P: 12 0 ms
I: 1.1
D:33
lumbar:
P: 18
I: 1.5
D:3.2
inattentive | neck: excitation: | 10%
P:04 30 ms
1: 1.25 activation:
D: 0.07 10 ms
thorax: response:
P: 0.5 500 ms
1. 0.33
D: 0.33
lumbar:
P:5
I: 1.5E15
D: 0.32

The muscle recruitment strategy employed for this
model was as commonly found in literature (Dul,
1984):

F ﬂ

S i

Minimise E ( } (D
Fyraey

i

Dul (1984) also proposed a value for p=3 to
represent a minimum fatigue criterion. As such,
this was adopted for this model. In order to
minimise this sum, all muscles will contribute
while the muscles that have the largest contribution
in terms of moment in the desired direction will
contribute more. The contribution of each muscle
to any of the three desired head rotations (roll,
pitch, yaw) is shown in table 2. Also, a division is
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made for every muscle whether it contributes to
head flexion or extension in the pitch direction. As
such, in this model the longus colli is the strongest
flexor, while the semispinalis cervicis is the
strongest extensor. However, all other muscles are
recruited as well only to a lesser degree (or power

D)

Table 2.
Percentage contribution of each neck muscle to
desired head rotation in roll, pitch and yaw
direction for the MADYMO active human

model.
Muscle Total Roll Total Yaw Total Pitch | Type of Pitch
Hyoids 38.9% 10.0% 51.1% Flexor
Levator Scapulae 58.9% 7.8% 33.3%
Longissimus Capitis 56.8% 13.8% 29.3%
Longissimus Cervicis 74.3% 4.4% 21.3%
Longus Capitis 38.3% 13.9% 47.7% Flexor
Longus Colli 29.0% 4.8% 66.3% Flexor
Multifidus Cervicis 8.9% 39.5% 51.6%
Scalenus Anterior 67.3% 18.8% 13.9% Flexor
Scalenus Medius 83.6% 12.2% 4.2% Flexor
Scalenus Posterior 8.0% 4.0%
Semispinalis Capitis 29.2% 22.9% 47.9%
Semispinalis Cervicis 3.0% 29.3% 67.8%
Splenius Capitis 30.8% 16.3% 52.9%
Splenius Cervicis 40.1% 18.7% 41.1%
Sternocleidomastoideus 49.2% 28.4% 22.4%
Trapezius 19.3% 43.8% 37.0%

Simulations are performed with the five braking
pulses and the three muscle recruitment strategies,
resulting in in total 11 simulations.

RESULTS

Attentive driver with 9.5 m/s* braking

The occupant kinematics of the attentive driver in
9.5 m/s* braking serves as a base case. The
kinematic images at various phases during the
braking event are shown in figures 5 to 9. At 0.2 s
head and torso have moved forward. Neck flexion
starts to occur after that resulting in maximum neck
flexion and head forward displacement at 0.82 s.
This head position slowly returns to neutral,
however once the deceleration is removed, the
body rebounds into the seat back, resulting in neck
extension around 2.35 s.

This kinematic behaviour is a result of deceleration
imposed on the occupant, the passive properties of
the human model and the muscle activation time
history as determined by the controller. In figure 10
the muscle activation time histories are shown for
all the muscles that result in head/neck flexion. In
figure 11, the same for all extensors. The flexors
are all activated by 0.4 (i.e. 40% of maximum
activation as given by the Hill-muscle model) due
to the 40% co-contraction setting. The extensors
are activated to a smaller degree (around 15%) as
dictated by the co-contraction algorithm
contracting all muscles without head/neck motion
to occur.

Figure 5. Attentive Active Human Model in 9.5
m/s’ braking at t=0 s

Figure 6. Attentive Active Human Model in 9.5
m/s’ braking at t=0.2 s

Figure 7. Attentive Active Human Model in 9.5
m/s’ braking at t=0.4 s

Figure 8. Attentive Active Human Model in 9.5
m/s” braking at t=0.8 s

Figure 9. Attentive Active Human Model in 9.5
m/s’ braking at t=2.35 s
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Around 0.25 s after braking started the extensors
start to activate more, attempting to overcome neck
flexion observed in figure 7 and 8. The maximum

activation level for the extensors is around 45% of

the maximum. After 2.25 s the head is in rebound
extension due to which the flexors start to activate.
These figures also indicate that many muscles are
activated however at different activation levels as
given by the chosen muscle recruitment strategy.
The flexor muscle with largest degree of activation
is the longus colli, as dictated by table 2.

Muscle Data-1
Flexors
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Figure 10. Flexor muscle activation signals for
attentive Active Human Model in 9.5 m/s’
braking.
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Figure 11. Extensor muscle activation signals
for attentive Active Human Model in 9.5 m/s
braking.

Inattentive driver with 9.5 m/s? braking

The occupant kinematics of the inattentive driver in
9.5 m/s® braking is presented in comparison. The
kinematic images at various phases during the
braking event are shown in figures 12 to 15. At 0.2
s head and torso have moved forward slightly more
than in the attentive scenario. Neck flexion starts to
occur after that resulting in maximum neck flexion
and head forward displacement at 0.78 s. The
flexion is larger than in the attentive case, even
resulting in the chin to contact the chest. This head
position persists until the deceleration is removed
and the body rebounds into the seat back, resulting
in neck extension around 2.35 s.

Figure 12. Inattentive Active Human Model in
9.5 m/s” braking at t=0 s

Figure 13. Inattentive Active Human Model in
9.5 m/s’ braking at t=0.2 s

Figure 13. Inattentive Active Human Model in
9.5 m/s’ braking at t=0.4 s

Figure 14. Inattentive Active Human Model in
9.5 m/s’ braking at t=0.8 s

Figure 15. Inattentive Active Human Model in
9.5 m/s” braking at t=2.35 s
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This kinematic behaviour is a result of deceleration
imposed on the occupant, the passive properties of
the human model and the muscle activation time
history as determined by the controller. In figure 16
the muscle activation time histories are shown for
all the muscles that result in head/neck flexion. In
figure 17, the same for all extensors. The flexors
are all activated by 0.1 (i.e. 10% of maximum
activation as given by the Hill-muscle model) due
to the 10% co-contraction setting. The extensors
are activated to a smaller degree (around 3%) as
dictated by the co-contraction algorithm
contracting all muscles without head/neck motion
to occur.

After 0.5 s, which was defined as the response time
delay, the controller activates both flexors and
extensors in an attempt to stabilise the neck.
However, this approach is unsuccessful in
counteracting the inertial load on the head as a
result of braking. Only after braking has stopped
and the head rebounds into extension do the flexors
act to bring the head in a more neutral position.

Muscle Data-1
11 Flexors
1
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Figure 16. Flexor muscle activation signals for
inattentive Active Human Model in 9.5 m/s’
braking.
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Figure 17. Extensor muscle activation signals
for inattentive Active Human Model in 9.5 m/s’
braking.

Parameter study

Results from the parameter sensitivity study are
condensed in table 3 where maximum forward
displacement of human model head centre of
gravity, T1 and pelvis are shown together with the
time at which this occurs. The simulation with the
validated muscle recruitment strategy is shaded, as
it was found not valid for braking simulations due

to the lock up of the neck in forward flexed
position. For all simulations pelvis forward
displacement was negligible, most likely caused by
the simulated environment with optimal seat belt
and rigid seat and foot well.

Table 3.
Human model excursion in various braking
scenarios with various muscle activation

strategies
Braking | Human Head T1 Pelvis
accel. activation | X[mm] | X[mm] | X[mm]
t[s] t[s] t[s]
9.5m/s | validated | 181 87 12
1.22 1.56 1.56
9.5m/s” | attentive 157 91 10
0.82 1.57 1.56
6m/s° | attentive | 129 68 1
0.87 1.69 0.28
3m/s° | attentive | 93 49 0
0.93 1.29 0.0
BAS+ attentive 163 100 10
1.37 2.02 2.01
AUT attentive 147 80 4
1.50 1.49 1.51
9.5m/s* | inattentive | 180 90 11
0.78 1.56 1.56
6 m/s’ inattentive | 158 69 2
0.45 1.71 0.28
3m/s° | inattentive | 146 53 0
0.49 0.99 0.0
BAS+ inattentive | 291 207 6
2.03 2.02 1.88
AUT inattentive | 149 83 3
0.49 1.48 1.49

The 10 simulations with 2 muscle recruitment
strategies (attentive, inattentive) and the 5 braking
pulses are discussed based on figure 18 and 19 in
which the results from table 3 are plotted. For the
attentive scenario and simple (3, 6 or 9.5 m/s%)
braking the maximum head forward displacement
occurs at around 0.8 to 0.9 s with varying levels of
forward displacement: 157 mm for 9.5 m/s>, 129
for 6 m/s* and 93 mm for 3 m/s”. For the inattentive
scenario and simple braking higher head forward
displacements are seen for all braking severities. In
addition, timing of maximum head displacement is
lower for lower braking severity.

The BAS+ system with an attentive occupant
displays similar levels of head forward
displacement as a 9.5 m/s* pulse however with 0.5
s delay. When referred back to figure 3 and 4, the
BAS+ pulse is similar to the 9.5 m/s* pulse with a
delayed start. As such, this explains the similarity.
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The AUT system with inattentive occupant shows
good performance since the head forward
displacement is nearly identical to that of the 3 m/s’
pulse, even though the deceleration level is higher
up to 1.0 m/s”.
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Figure 18. Head forward displacement as
function of time for various combinations of
braking scenarios and muscle activation
strategies.

The Tl forward displacement is very similar
between attentive and inattentive occupant for the
simple braking cases. This indicates that the spinal
stabilisation algorithm has limited influence in the
simulated setup, possibly again due to the fairly
optimal restraint with rigid seat. Again for BAS+ a
delay is observed.
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Figure 19. T1 forward displacement as function
of time for various combinations of braking
scenarios and muscle activation strategies.

DISCUSSION

The human model in this study was validated for
specific dynamic loading conditions, such as
frequency perturbations, rear impact and hub
impactor tests. A first application in a braking
scenario demonstrated that the validated controller
settings were not valid for this application. The
multi-body neck model with musculature was
validated for front, rear and side impact. As such,
the lack of validation in this case demonstrates that
muscle control strategies of humans are more
complex than currently implemented. The question

that can not be answered based on the current
study, but that would need to be answered is
whether the chosen controller approach can be used
to result in a model that can be validated for a
number of scenarios. In other words, can a PID
controller with delays and co-contraction setting be
tuned to represent a number of scenarios while the
parameters that define the controller are known
instead of need to be tuned for every specific
condition?

The fact that the validated setting did not create
results that were anticipated is based on empirical
findings as opposed to on the availability of a
specific volunteer braking validation dataset. The
braking tests performed by Ejima (2009&2007) are
sufficiently similar to make a quantitative
comparison with the results from this study. Head
forward displacement in 8 m/s® deceleration was
around 100 ms in Ejima’s volunteer dataset, while
it would be between 129 and 157 mm based on
these results. T1 displacement was around 25 mm
in Ejima’s tests, while it would be between 68 and
91 mm in this study. As such, this model predicts
around 50 mm larger T1 and head forward
displacement. Since T1 is largely influenced by the
seat belt, this may cause the better restraint of the
torso and resulting lower T1 and head forward
displacement. Additionally, Ejima discussed the
activation of the sternocleidomastoid muscle early
in the braking phase, which was not observed in the
current study. The activation of longus colli, one of
the paravertebral muscles, to overcome extension
during rebound was observed in both Ejima’s study
as well as in the current.

CONCLUSIONS

The developed model showed applicable and
sensitive to frontal pre-crash scenarios, however
specific validation for frontal pre-crash braking
based on kinematics and muscle activation patterns
is required for assessing the controller parameters.

REFERENCES

Bao S., Grip strength and hand force estimation,
SHARP Tech. Rep. 65-1-2000, Department of
Labor and Industries, Olympia, WA, 2000.

Begeman, P., King, A., Levine, R., Viano, D.C.,
1980. Biodynamic response of the musculoskeletal
system to impact acceleration. In: Proceedings of
the Twenty-fourth Stapp Car Crash Conference,
Society of Automotive Engineers, Warrendale, PA,
pp. 477-509.

Behr, M., Poumarat, G., Serre, T., Arnoux, P.J.,
Thollona, L., Brunet, C., 2010 Posture and
Muscular Behaviour in Emergency Braking:

van Rooij 8



An Experimental Approach” Journal of Accident
Analysis and Prevention 42 (2010) 797-801

Bose, D, Crandall, JR, Untaroiu, CD, Maslen, E.
(2008) Influence of pre-collision occupant
properties on the injury response during frontal
collision. IRCOBI Conference on the
Biomechanics of Impact.

Cappon H.J.; Kroonenberg R.; Happee R.;
Wismans J.S.H.M. (1999) An Improved Lower Leg
Multibody Model, Proceedings of IRCOBI
Conference, pp. 499-512

Cappon H.J. ; Mordaka J.; van Rooij L.; Adamec
J.; Praxl N.; Muggenthaler H.(2007) “A
computational human model with stabilizing spine:
a step towards active safety”, SAE paper 2007-01-
1171.

Choi, HY, Sah, SJ, Lee, B, Kang, S, Mun, MS,
Lee, I, Lee, J. (2005) Experimental and numerical
studies of muscular activations of bracing
occupant. Paper 05-0139, International Technical
Conference on the Enhanced Safety of Vehicles
(ESV), Proc. 19th ESV.

Crandall, J., “Simulating the Road Forward: the
Role of Computational Modeling in Realizing
Future Oppportunities in Traffic Safety” IRCOBI
Conference on the Biomechanics of Impact.

Dul J., Townsend M.A., Shiavi R., Johnson G.E.,
‘Muscular Synergism- 1. On Criteria for Load
Sharing Between Synergistic Muscles’, Journal of
Biomechanics, Vol. 17 N°9, 1984, pp 663-673.

Ejima, S, Ono, K, Holcombe, S, Kaneoka, K,
Fukushima, M. (2007) A Study on Occupant
Kinematics Behaviour and Muscle Activities
during Pre-Impact Braking Based on Volunteer
tests. IRCOBI Conference on the Biomechanics of
Impact.

Ejima, S., Zama, Y., Ono, K., Kaneoka, K., Shiina,
1., Asada H., (2009) “Prediction of Pre-Impact
Occupant Kinematic Behaviour based on the
Muscle Activity During Frontal Collision”
International Technical Conference on the
Enhanced Safety of Vehicles (ESV), Proc. 21*
ESV.

Fraga F.S., Van Rooij L., Happe R., Wismans J.,
Symeonidis 1., Peldschus S., ‘Development of a
Motorcycle Rider Model with Focus on Head and
Neck Biofidelity, Recurring to Line Element
Muscle Models and Feedback Control’, ESV 09-
0244, 2009.

Keshner E. A., ‘Head-Trunk Coordination During
Linear Anterior-Posterior Translations’, Journal of
Neurophysiology, vol. 89, 2003, 1891-1901.

Kuehn, M., Hummel, T., Bende, J. 2009. “Benefit
estimation of advanced driver assistance systems
for cars derived from real-life accidents”
International Technical Conference on the
Enhanced Safety of Vehicles (ESV), Proc. 21*
ESV.

Lange R. de, Rooij L. van, Mooi H., Wismans, J.
(2005): Objective biofidelity rating of a numerical
human model in frontal to lateral impact. Stapp Car
Crash Conference, SAE 2005-22-0020, 2005.

Muggenthaler, H., Praxl, N., Adamec, J., Von
Merten, K., Schonpflug, M., Graw, M., Schneider,
K. (2005) The effects of muscle activity on human
kinematics and muscle response characteristics —
Volunteer tests for the validation of active human
models. Digital Human Conference paper 06 DHM-
8.

Nemirovsky, N., Rooij, L. van 2010, “A New
Methodology for Biofidelic Head-Neck Postural
Control” International Technical Conference on the
Enhanced Safety of Vehicles (ESV), Proc. 21
ESV.

Ore, LS. 1992. “Design requirements and
specifications” dummy lower extremity
development task. Event Report, NHTSA.

Ono K., Inami S., Kaneoka K., Gotou T., Kisanuki
Y., Sakuma S., Miki K. ‘Relationship between
localized spine deformation and cervical vertebral
motions for low speed rear impacts using human
volunteers’, IRCOBI Conference 1999.

Osth, J., Brolin, K, Carlsson, S., Wismans, J.,
Davidsson, J. (2011) “The Occupant Response to
Autonomous Braking: A Modeling Approach That
Accounts for Active Musculature” in submission

Priiggler, A. 2010 “Né&her am Menschen”
Virtuelles Fahrzeug, Magazine Nr. 8, [V-2010

Schittenhelm, H. 2009. “The Vision of Accident-
Free Driving — How Efficient are we actually in
Avoiding or Mitigating Longitudinal Real World
Accidents” International Technical Conference on
the Enhanced Safety of Vehicles (ESV), Proc. 21%
ESV.

Woldrich M. 2010. “Movement in the PRE-Crash
situation - A simulation research with a reversible
PRE-SAFE® Pulse system” Airbag 2010
conference

van Rooij 9



PRESENTATION AND DISCUSSION OF A CRASH TEST USING A CAR WITH

AUTOMATIC PRE-CRASH BRAKING

Alexander Berg

Peter Riicker

DEKRA Automobil GmbH
Germany

Christian Domsch
BMW AG
Germany

ESV Paper Number 11-0318
ABSTRACT

The utilisation of passive safety systems to protect
occupants has attained a very high level over the past
thirty years. Although further improvements are still
possible, these increasingly minor improvements are
only to be had with a high degree of effort. As a
result, the key question must always be their efficacy
in an accident situation. If reliable information is
available on the imminent collision, measures taken
in the pre-collision phase can as a rule frequently
exert a significantly greater influence on the accident
situation. Preventive measures are the key to success
here.

This paper aims to show how a preventive safety
approach can contribute to lessening the serious
consequences of an accident by creating an optimum
interplay of active and passive safety measures. To
further enhance vehicle safety, driver assistant
systems are already available that warn the driver of
an imminent rear-end collision, support him in his
reactions or if he fails to react sufficiently, to even
initiate an automatic braking, should the collision
prove unavoidable.

Automatic pre-crash braking can, in an ideal
situation, fully prevent such collisions or can greatly
reduce the collision speed and thus the impact energy
(and in turn the severity of the accident).

If a vehicle is being braked in the lead-up to the
collision, the occupants are already being pre-stressed
by the deceleration. The information available about
the imminent accident can be used to activate the belt
tensioners and likewise other passive safety systems
in the vehicle before the advent of the impact. The
vehicle deceleration before the crash also causes the
front of the vehicle to dip. Conventional crash tests
do not take this specific impact situation into
consideration. This is why, for example, the
influences of the pre-collision movements of the

occupants are not recorded in the test results.
Furthermore, a reproducible representation of the
benefit of the vehicle safety systems which prepare
the occupants for the imminent impact is not
possible.

In order to demonstrate the functions of automated
pre-crash braking and to investigate the differences
during the impact as a consequence of the altered
occupant positions as well as the initiation of force
and deformations of the vehicle front, DEKRA
teamed up with BMW to carry out a joint crash test
with the latest BMW 5 series vehicle.

It involved the vehicle braking automatically from a
starting test speed of 64 km/h (corresponding to the
impact speed set by Euro NCAP) to 40 km/h. The test
was still run by the intelligent drive system of the
crash test facility. The test supplemented the work of
the vFSS working group (vFSS stands advanced
Forward-looking Safety Systems]).

The paper will describe and discuss the relevant test
results. In addition, the possible benefits of such
systems will also be considered. The test required
several modifications to be made to the test facility as
well as the vehicle. The paper will also deal with that.

INTRODUCTION

Active safety systems designed to avoid accidents
and passive safety systems for lessening the
consequences of an accident used to be considered
separately. This isolated approach was dispensed
with after it was recognised that active safety systems
favourably influence both active and passive safety.

One example of this is the electronic stability control
ESC. It was primarily developed to prevent accidents
following a loss of vehicle control (so-called skidding
accidents). Analyses of real-life accidents have,
however, shown that ESC not only prevents
accidents, but also can mitigate unavoidable
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accidents and their consequences. [1, 2, 3]. One
typical example is the alteration to the impact
situation of what are normally for occupants
particularly severe lateral collisions to less severe
frontal collisions due to the effect of ESC.

Another example is the brake assist system BAS. It
supports the driver after the initiation of a hard stop
by helping to reduce the speed of the vehicle by a
maximum and bringing it to a halt (or until the
braking is interrupted) at the highest possible level.
This shortens the brake path and can avoid collisions.
Where the accident cannot be avoided, it reduces the
impact speed (and thus the severity of the accident) in
collisions with other vehicles or pedestrians. The
potential of a conventional brake assist system to
prevent accidents and to lessen the consequences can
be further enhanced by combining it with distance
radar [4].

This led to the coining of the term "integrated safety".
Here, a holistic approach is taken to the effect of
vehicle safety systems both as regards active safety as
well as passive safety.

By utilising information from the pre-crash phase,
certain passive systems can already be influenced at
an early stage. This improves the effectiveness of the
safety measures overall. If the vehicle has already
reached a state of dynamic instability, or if a head-on
collision is unavoidable, the belts, for example, of
driver and front passenger can be pre-tensioned and
the seat backs straightened. This brings the occupants
into a stress-decreasing position [5].

Despite these additional safety effects that have since
been verified many times in findings derived from
real-life accidents, passive and active safety still
continue to be evaluated separately in the relevant
test scenarios.

Crash tests serve to test and evaluate the passive
safety of a vehicle, covering deformation zones,
occupant cell as well as the seat belts and airbags.
The active safety, such as the effect of ESC and BAS,
for example is analysed in separate driving tests.

So far there exists no test standard that enables a
reliable and comparative statement on the extended
effect of active safety systems on passive systems. In
order to be able to reproducibly test and evaluate the
effects of relevant systems in crash tests according to
the holistic approach of integrated safety, the pre-
crash reactions of the vehicle must be initiated in a
realistic manner well before the impact with the
barrier. If, for example, automatic pre-crash braking
is initiated before the impact, the vehicle front dips
and a displacement of the occupants relative to the
vehicle takes place. Both factors are important for the

course and the results of the crash test. However,
these are not taken into account in today's standards.

VFSS WORKING GROUP

The aim of the vFSS working group (vFSS stands for
advanced Forward-looking Safety Systems) is to
promote the market penetration of front protection
systems designed to avoid accidents and to lessen the
consequences of accidents into the volume model
segment and to further improve road safety. To
achieve this it is necessary to stipulate test standards
for preventative safety systems that reflect real-life
situations. In order to attain this all the German car
manufacturers joined forces with the accident
database centre of the German Insurers Association,
the Federal Institute for Highway Safety (BASt), and
the AZT Group under the chairmanship of DEKRA
and the Vehicle Test Institute Germany (KTI), set up
the vFSS working group. Honda and Toyota joined
the working group at a later date. Findings from
accidents and definitions of system requirements are
divided into three work packages "accident analysis",
"pedestrian safety" and "longitudinal traffic safety
systems".

The preliminary findings of the vFSS working group
gave occasion for a demonstration of the efficacy of
an emergency braking system in a vehicle impact
with a barrier. The first crash test with such an
automatic braking of the vehicle was carried out in
the 2,222nd crash test at the DEKRA Crash Test
Center in Neumiinster.

HISTORIC DEVELOPMENT OF THE
ACCIDENT SITUATION AND OBJECTIVES

Accident statistics show that considerable advances
in safety have been made over the past decades. For
example, in Europe (EU-27) the number of road
deaths per year fell from 1991 to 2001 by 28%, Fig 1.
Now nearing its end, the third European road safety
campaign provides preliminary figures that suggest a
further reduction in the number of annual road deaths
from 2001 to 2010 by 39%. The new EU guidelines
for road safety until 2020 have set the objective of
achieving a further reduction of 50% to
approximately 16,500 road fatalities per annum.

Although a linear continuation of the past trend could
possibly see this renewed and very ambitious target
being met, it is also just as likely that the previous
positive development will reach saturation point as an
effect of the vehicles already equipped with
conventional safety technology (including ESC) and
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will tail away in the future. To ensure that the
objective is met by 2020 it is therefore urgently

necessary to introduce new technologies with

demonstrable effect to further improve vehicle safety.

Fig 1. Development of the number of road deaths in the European Union (EU-27) from 1991 until 2008 as well
as previous and new objectives (source: CARE European Road Accident Database)

Evolution:

1991 - 2001: -21,124 (-28 %)
2001 - 2010: -21,302 (-39 %)
2010 - 2020: -16,500 (-50 %)

34,500: Preliminary value, year 2009
33,000: Estimated value, year 2010

27,151: Previous target value, year 2010
(54.302 - 50%)

16,500: New target value, year 2020
(33.000 - 50%)
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EXAMPLE TO DEMONSTRATE THE
ENERGY POTENTIAL OF PRE-CRASH
BRAKING

A key factor in the severity of a road accident is the
kinetic energy of the vehicles involved at the start of
the collision. This energy can be effectively reduced
by pre-crash braking. Possible magnitudes of the
relevant potential illustrate a simple calculation (see
Fig 2).

Let us assume that the pre-crash braking is 1.0 s
before the collision begins and the vehicle until
collision is braked at a medium deceleration of

6.0 m/s?. This reduces the speed of the vehicle before
the collision by 21.6 km/h. So, the initial speed of
85.6 km/h is reduced to a collision speed of 64 km/h
(as in a Euro NCAP crash test). An initial speed of
64 km/h would see the collision speed reduce to

42.4 km/h.

For a vehicle with a mass of 2,100 kg, this means that
the kinetic energy in the above mentioned cases
would be reduced by 263 kJ (185 kJ respectively)
until the collision starts.

In a crash test with an impact speed of 64 km/h

(Euro NCAP) the impact energy of the vehicle
weighing 2,100 kg is 331 kJ. Once the impact has
taken place this energy is transformed into
deformation work by the "mechanic crumple zone" in
the front of the vehicle and in the deformation
element on the barrier. Pre-crash braking has
therefore produced an additional "virtual deformation
zone". Taking the figures assumed in the example,
this "virtual deformation zone" can additionally
absorb between 56% and 80% of the energy absorbed
by the "mechanical deformation zone".

Figure 2: Reductions in the impact energy of a
2,100 kg vehicle following pre-crash braking with
a deceleration of 6.0 m/s*> and duration of 1.0 s at
different starting speeds.
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In order to achieve the same effect using
conventional mechanical structures, the vehicle front
would need to be considerably longer and / or
significantly stiffer. A longer vehicle front would
negatively affect the weight, vision and vehicle
handling. A stiffer front would negatively affect
compatibility with regard to the accident exposures of
more vulnerable road users. A "virtual deformation
zone" does not have such disadvantages. It is merely
necessary to be able to safely recognise an
unavoidable collision with pre-crash evaluation of
signals received by already existing assembly groups
in the vehicle, and then, if the driver fails to react, to
trigger an automatic pre-crash braking action before
the collision.

Such a procedure has already been implemented for
collisions in which a vehicle collides with the rear of
another vehicle, as such rear-end collisions can be
recognised with a high degree of reliability by
already existing sensors.

Other collision scenarios that can also lead to damage
of the vehicle front, such as, for example, front-front
scenarios or front-side scenarios cannot be handled in
the same way at the moment. However, even if the
range of applicability is still currently restricted, these
systems represent the launch pad for sustained further
improvement. The basis must always remain the
objective of reducing the number of fatalities, injuries
and property damage in real-life accident situations
for all those involved.

CRASH TEST

In order to represent the effect of a "virtual crumple
zone" in an actual crash test, the DEKRA Crash Test
Center in Neumiinster carried out a test incorporating
this aspect. Planning a test involving an automatically
braking vehicle poses two challenges: Firstly, the test
facility influences object detection by the vehicle

sensors and, secondly, the test facility sled system
must interact with the braked vehicle.

Most modern frontal protection systems detect what
is in front of the vehicle on the basis of radar sensors.
Several problems arise if these sensors are now to be
operated in a hall and the crash block is to be reliably
detected as a relevant target object. The radar signal
can be reflected from all manner of points in the hall.
The hall supports made of reinforced concrete, metal
girders for the roof as well as supports and stands for
providing the crash area with sufficient lighting all
represent additional potential detection targets. The
crash block also constitutes an upright obstacle. This
means that it cannot always be clearly differentiated
from other objects as a relevant sensor target.
Multiple reflections in the enclosed hall are likewise
possible. To overcome these problems and to conduct
a crash test with the vehicle's own environment
detection system requires extensive modifications in
the vehicle's object detection system.

However, the basic principle on which the object
detection system works and the reactions of the entire
system in the vehicle should not be altered.

In order to hit the pre-defined impact point on the
barrier as accurately as possible the regulated vehicle
guidance system of the facility must be engaged for
as long as possible. This means that it is not possible
to separate the vehicle from the traction trolley at the
moment the braking is initiated. Thus the control of
the traction cable of the crash facility constitutes a
further problem. The desired impact speed is a
control variable of crash testing facilities nowadays.
If braking is undertaken on the vehicle during the
traction phase, the pulling force of the facility is
simply increased to attain the previously defined
collision speed.

The regulation of the traction cable drive of the
facility had to be altered to prevent this. The software
of the modified drive control analyses the additional
reaction forces measured in the cable. From this the
traction force momentarily required is computed to,
firstly, ensure the longitudinal guidance of the vehicle
and, secondly, to follow the deceleration of the
vehicle caused by its autonomous braking system.

The Test Vehicle

The test vehicle was a BMW 530d Fig 3. The vehicle
was fitted with the currently available active speed
regulation system with Stop&Go function including
head-on collision warning with braking function.
This is a radar-based speed and distance regulation
system. The system can also monitor the traffic
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environment in front of the vehicle if the speed
regulation system is not activated. If a critical head-
on situation is detected, the driver is warned in two
stages. If the critical nature of a head-on collision
situation is very high, a visual-acoustic acute warning
is additionally activated that initiates an automatic
partial braking with a deceleration of 3 m/s?. This
means the speed is already being reduced during the
driver's reaction time. If the driver reacts, he already
encounters a pre-stressed brake and swiftly reaches
full deceleration with the aid of the brake assistant.

This equipment, which is currently found on
production models, was taken as a basis for the
development of a prototype front safety system which
finally fulfils the requirements of a test in the hall.
This means that it must be first assured that the radar
sensor can also reliably detect the target object, in
this case the barrier. It is essential that this detection
is assured dESPite the difficult conditions prevailing
in the hall. Preliminary tests using the production
model object detection system have shown that
realistic object detection cannot always be reliably
guaranteed in the test conditions. The sensor is
normally configured so that it attains its optimum
performance in real-life traffic situations. The
laboratory crash cannot take into account the real-life
traffic environment. This is why the object detection
system was subject to tests and modified so that the
relevant target can be reliably detected in the hall
environment. Testing in the hall can work with
restrictions that are not possible in real-life road
traffic, e.g. it can be guaranteed in the test in question
that the target object travels will continue in a straight
line in front of the vehicle and does not carry out any
manoeuvres of its own. It must be noted that the
constellation used in the hall is not suitable for
operating the system in real-life traffic, just as much
as the production object detection system is equally
unsuitable for operation in the hall.

This alteration in the coordination made it possible to
determine the distance to the target object in
question, in this case the crash block, as well as the
relative speed on the basis of the information
provided by the radar sensors of the active speed and
distance regulation. It was therefore also possible to
trace the entire signal chain from sensor to reaction of
the safety systems or to initiation of the automatic
emergency braking. Therefore, the safety systems in
the test reacted precisely as they would do in a
comparable real-life accident scenario.

As the vehicle approached the crash block, different,
in part prototype-stage, safety functions were
activated, Fig 4. Apart from the ACC radar sensor
with special object detection, object identification

and selection, a ABS with prototype function was
also necessary to achieve full deceleration. The
vehicle was still equipped with electromotive
reversible belt retractors for both driver and front
passenger. The strategy employed for the driver
warning and the initiation of an emergency braking
action was also the subject of a prototype design.
Finally, a pre-crash deactivation of the fuel pump was
also envisioned. The automatic emergency call
function after the crash corresponded to the
production standard and was likewise employed as
part of the test.

In the course of the test the point was eventually
reached in which a collision is no longer avoidable by
the driver reacting alone (evasion or braking), Fig S.
At this point the automatic emergency braking of the
vehicle intervenes and reduces the speed at a
maximum deceleration stipulated by the friction
coefficient between tyres and road surface.

Figure 3: The test vehicle
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Figure 5: Required distance for an evasive
manoeuvre (red curve) and a braking manoeuvre
(green curve, a = 8 m/s?) to avoid a head-on
collision depending on the difference in speed
Delta v
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As a comparison another BMW 5 series car without
front safety system was tested conventionally (i.e.
unbraked) using the same configuration.

Test based on the Euro NCAP or IIHS frontal
impact test

A starting speed of 64 km/h was chosen for the test.
This corresponds to the starting speed of the
(unbraked) frontal impact test carried out in
accordance with Euro NCAP or ITHS.

The weight of the vehicle in its test condition was
2,164 kg. The vehicle was tested with a running
engine so that it could be assured that all the systems
were functioning.

As in the Euro NCAP or ITHS test the vehicle overlap
was 40%. Driver and front passenger were
represented by belted and equipped dummies (Hybrid
III 50th percentile male). Children dummies were not
used.

In contrast to the normal test procedure in which no
pre-crash systems are permitted to be active, they
were deliberately activated in this case. Once the
vehicle had been accelerated up to test speed, it
approached the crash block at a constant speed. At a
TTC of 2.1s (TTC = Time To Collision — time that
passes until impact if the speed remains constant) the
driver is notified by an acoustic warning sound of the
impending head-on collision. This warning is
effected by a red warning light in the instrument
panel and by a warning symbol in the head-up
display. It means that the driver sees the symbol
directly in front of his field of vision. At the same

time the brake of the vehicle is pre-stressed and the
trigger threshold of the brake assistant reduced.

In the system represented here an acoustic warning to
the driver is triggered at a TTC of 1.7 s before the
impact. At the same time, the system also issues an
acoustic alarm in addition to the visual warning. The
reversible belt tensioners were activated at a TTC of
1.1 s before impact in order to prevent the occupants
from being displaced forward during the braking
action. The automatic emergency braking of the
vehicle was initiated at 0.9 s before collision. This
reduced the speed of the vehicle from 64.8 km/h to
40.4 km/h (-38 %). This corresponds to a reduction of
the kinetic energy until collision with the barrier of
61 % from 351 kJ to 136 kJ Fig 6.

The controller of the facility pulling system detected
the vehicle deceleration caused by the automatic pre-
crash braking and reduced the pulling speed of the
drive cable correspondingly.

The lateral deviation of the impact point on the
barrier was only 2 mm. The dipping of the vehicle
front caused by the braking led to a lowering of the
impact point by 35 mm, Fig 7.

The comparison vehicle impacted unbraked at
64 km/h into the barrier.

Figure 6: Alteration of the speed and the kinetic
energy of the test vehicle as a consequence of pre-
crash braking
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Figure 7: Side view of the braked impact
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Occupant Load

Even the production model BMW 5 displayed
exemplary behaviour in the unbraked crash test. This
is underscored by the superb ratings achieved in the
US-NCAP, Euro NCAP and IIHS test procedures. As
a consequence of the reduced impact speed the
measured load on the occupant dummies in
comparison to an unbraked crash test at 64 km/h was
further reduced by a considerable amount. The
relative changes of some key load figures for driver
and front passenger dummy are shown in Fig 8.

Thus, for example, the head injury criterion HIC36 of
the driver dummy in the braked crash test fell by 76%
in comparison with the unbraked test. The
corresponding reduction for the front passenger
dummy was 78 %. The characteristic value for head
deceleration a3, was reduced by 22% for the driver
dummy and by 47% for the front passenger dummy.

Figure 8: Comparison of the load figures for the
driver and front passenger dummy during the
unbraked crash test at an impact speed of 64 km/h
(100 % in each case) and in the braked crash test
at an impact speed of 40 km/h
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Vehicle deformation

The deformed vehicles are shown in Fig 9. The area
around the front left wheel in particular shows the
significantly lower deformation of the vehicle.

Figure 9: Comparison of the deformation of the
front of the two test vehicles.

SUPPLEMENTAL FINDINGS FROM REAL-
LIFE ACCIDENTS

As various accident research projects and reports in
the media show, the risk of car occupants suffering
serious or fatal injuries in frontal impacts continues to
be very high. About 50% of the seriously injured and
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about 40% of the killed vehicle occupants result from
a collision at the vehicle front (GIDAS). In about
60% of cases the opponent in the accident was
another vehicle (GIDAS) and of these cases a total of
40% are front-rear collisions. This perspective alone
is enough to make it sensible to protect the driver in
frontal collisions. This is where preventive protection
measures offer new possibilities without the
disadvantages arising from the mass and dimensions
of enlarged or excessively stiffened mechanical
deformation zones.

Even so, it must be taken into account that the
occupants of the impacting vehicle in a front-rear
collision are usually not so greatly endangered. The
greatest danger of suffering serious or fatal injuries is
in front-front or front-object collisions, the object
frequently being a tree. However, modern sensor
technology does make it at least possible to detect
front-rear collisions and to take corresponding action,
which may go as far as automatic emergency braking.
Nevertheless, this is an important point of departure
for future development. Firstly, however, it is
important to identify and utilise suitable sensors, and
incorporating them in cooperative systems.

Pedestrians and cyclists are vulnerable road users and
are subject to additional risk. Here the protective
potential of conventional measures around the car
front is already exhausted at impact speeds of

40 km/h (EU directive 78/2009 on pedestrian
protection). Preventive safety systems incorporating
automatic emergency braking offer additional
protection possibilities for this type of vulnerable
road user and their efficacy in the real-life traffic
environment is potentially even greater than the
efficacy of passive protection measures.

In order to estimate the relevant potential benefit it is
necessary to know the percentage of the relevant
accidents involving car frontal collision in which the
car driver in question either failed to apply the brakes
in the first place or not with full force.

As part of the vFSS work package "Accident
Analyses" Ford studied the GIDAS database with a
view to evaluating the corresponding pre-crash
braking behaviour, Fig 10. In 24 % of the 1,492 cases
studied, the cars did not brake. In a further 23% of
cases the data contained no information on the
braking behaviour. In all other cases the cars were
braked before the impact. Of the latter, the
deceleration was over 6m/s? in 28% of the cases. An
analysis by DEKRA Accident Research confirms
these findings.

Figure 10: Frequency distribution of braking
deceleration in the pre-crash phase
(N = 1,492 front-rear accidents, source: GIDAS)
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These findings demonstrate the existence of a
significant potential benefit of a preventive frontal
protection system. In many cases the time warning
would cause the driver to brake, otherwise the
emergency braking would be applied automatically.
An assisting effect of full braking instead of partial
braking (less than 6 m/s?) in the pre-crash phase
further increases the potential benefit. Furthermore, it
can be assumed that even in accidents in which no
information on the braking behaviour in the pre-crash
phase is available, a percentage of the vehicles were
unbraked or subject to only light braking.

This suggests that forward looking front safety
systems can make a considerable contribution to
further increasing road safety.

Finally, Fig 11 shows the development of figures of
car occupants, motorcycle riders, pedestrians, cyclists
and occupants of trucks over 3.5t killed per year in 15
states of the European Union. For these states the
statistics published by CARE (European Road
Accident Database) (last update: November 2010)
contain a breakdown of the period in question
according to the type of road user.

Although the number of killed car occupants fell
considerably from 30,799 in 1991 to 12,519 in 2008
by an impressive 59 %, car occupant deaths continue
to dominate the figures of road user fatalities. In the
pedestrian group over the same period the number of
fatalities fell significantly by 57% from 10,022 to
3,813. In the states under consideration killed
motorcyclists now make up the second largest group.
In the historical development there was a fall here of
merely 14% from 5,237 in 1991 to 4,481 in 2008.
Cyclists form the fourth largest group of road user
fatalities by a clear margin. Their figures have
developed from 2,063 fatalities in 1991 to 1,540

Berg 8



fatalities in 2008, corresponding likewise to a
significant fall of 50%.

The magnitudes and the trends that these figures
clearly suggest that a further successful reduction of
the number of road deaths in Europe can only be
achieved if

- the number of killed car occupants
continues to fall significantly

- the number of pedestrian fatalities likewise
continues to fall significantly

- the number of killed

two-wheeler road users, in particular motorcyclists,
can be

significantly reduced.

One safety measures that can be particularly effective
for car occupants, pedestrians and cyclists is an
advanced forward looking frontal safety system like
the automatic car emergency braking system outlined
in this paper.

The target of further halving the number of road
deaths over the period 2011 - 2020 (see Fig 1)

requires the introduction of such systems as fast as
possible in as many vehicles as possible. This would
create the basis for further development of the
systems that, in the end, enable automatic energy
dissipation in serious frontal collisions in front-front
or front-object scenarios. Current developments have
already taken the first steps towards using this future
potential.

The precondition for this is detailed definition of the
potential benefits depicted and a recognised test
procedure with which the performance of the systems
can be demonstrated in reproducible form. In this
process the evaluation of the systems should not be
based on individual dummy figures but on the actual
efficacy in real life. To do this, corresponding
evaluation procedures and test methods need to be
developed. Based on the examples given here, the
vFSS group continues to work at pursing the
necessary accident research and development of
harmonized test procedures.

Figure 11: Development of the number of car occupants, motorcyclists, pedestrians, cyclists and occupants of
trucks over 3.5 t killed on the road per year in 15 states of the European Union from 1991 to 2008
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ABSTRACT

In rear impact crashes, seats provide basic occupant
restraint. Using 11 years of NHTSA's NASS CDS
data (1997-2007), the performance of first row
standard and integrated restraint seats were compiled
and contrasted to each other and also to belt restraint
performance in frontal crashes. This paper defines
integrated restraint (IR) seats as those where the
shoulder belt anchor is attached to the seat back
frame instead of the vehicle body. IR seats have
strengthened frames designed to support the frontal
crash belt loads. NHTSA data indicates that more
than 500 make/model/model year vehicles have an
occupant position with an integrated restraint seat. In
this study, vehicles with IR seats were identified
using NHTSA data and confirmed by individual
photographic review.

The median Delta V value for occupants in rear
impact crashes was about 20 kph (12 mph); the same
as for occupants in frontal crashes. In rear crashes,
standard seats deformed or failed (per NHTSA
coding) 25% of the time. In frontal crashes, seat
belts (which comprise the basic frontal restraint
system) failed 0.36% of the time (rate 69 times
lower). The median Delta V for all reported seat
failures and deformations was 27 kph (16.2 mph).
Occupants reached MAIS= 3 (at least one serious
injury) at half the Delta V level in rear crashes (19
kph) compared to belted occupants in frontal crashes
(38 kph).

The maximum Abbreviated Injury Scale (MAIS)
levels were also compiled for integrated versus
standard seats. No occupant in an IR seat in a rear
crash reached more than MAIS= 1. 50% of all
occupants in rear crashes in standard (non-IR) seats
experienced injury(s) resulting in MAIS=3 by a Delta
V of 19 kph. IR seats were found to significantly
reduce the rate of injury (MAIS>0) in rear impact
crashes compared to standard seats (p=.05).

INTRODUCTION

In a rear impact crash the primary restraint device is

the occupant's seat.(1) In a front impact crash, the
primary restraint device is the 3 point belt (which
may be supplemented by an airbag). A literature
review indicates that this paper may be the first to
compare the effectiveness of Integrated Restraint
(IR) and non-IR (standard) seats using contemporary
data. This study uses the term “standard” to mean
“non-IR seat”.

Prior Studies - Prior studies the authors reviewed
do not address the focus of this paper. Some of the
studies used State, FARS or GES data. None of
these datasets contain Delta-V, NASS-AIS injury
codes, or seat deformation or failure codes. The
injury scaling system used in FARS, GES and State
databases is the police KABCO injury system. This
system does not reliably identify non-fatally injured
occupants with NASS-AIS severity scores of 3 to
6.(2) The papers using the above data sources do
not correct for these confounding factors. Several
papers do use NASS-CDS (like our study), which
does include Delta V, NASS-AIS codes and Seat
Deformation/Failure codes. However none of the
papers used the available CDS seat Deformation
[Failure information. None of the referenced papers
used the comprehensive NHTSA list of vehicles with
integrated restraint seats. Some of the papers use
data that is now up to 28 years old, involved
rollovers or were based on experimental data and
contained no field data at all.(3,4,5,6,7,8,9,10,11,
12,13,14) At least one study found that standard
seats are as effective in reducing injuries in rear
crashes as available restraints are in frontal crashes, a
premise explored in this paper using more current
data. That paper also found that stiffer seats (such as
Cab-reinforced) increase injuries in rear impact
crashes.(3)

Purpose - This paper employs NHTSA
NASS-CDS field data to compare the performance of
standard, IR and Cab-reinforced first row outboard
occupant seats in rear impact crashes.(15, 16)
Cab-reinforced seats are those fitted to pickup trucks
where the rear cab bulkhead limits the rearward
deflection of the seat back. The performance of these
types of seats in rear impact crashes is compared with
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occupants protected by standard restraints in

equivalent frontal crashes. This same approach was

also used in reference (3). The purpose of this paper
was to use field data to examine if:

»  Standard seats in rear impact crashes offered
similar performance to the restraints available in
frontal crashes of similar severity.

» IR seats were associated with reduced or
increased injury risk in rear impact crashes

o Cab-reinforced (low yielding) seats were
associated with reduced or increased injury risk
in rear impact crashes.

»  Seat performance in terms of deformations or
failures varied by Make or Model.

A number of these points are raised in previously

published papers.(3,4,5,6,7,8,9,10,11,12,13,14)

We examined adult (age >12) front outboard

occupants, consistent with NHTSA definitions.(17)

We did not include children in this study because of

the complexity involved in eliminating the

confounding effects of airbag caused injuries
involving forward facing and rear facing child seat
installations in passenger airbag equipped
vehicles.(17)

MAIN BODY
Methodology

We used crash data from eleven recent years (CY
1997-2007) of the National Highway Traffic Safety
Administrations’ (NHTSA), National Automotive
Sampling System (NASS), Crashworthiness Data
System (CDS). NASS-CDS is a national probability
sample of approximately 4,000 crashes in which a
late model year light passenger vehicle sustained
sufficient damage to require towing from the scene.
Starting in 1996, NHTSA defines “late model year”
as the four ( +1 / -2) model years around the
sampling calendar year.(18)

To identify vehicles with IR seats, we used a NHTSA
supplied list of more than 500 make/model/model
year vehicles with integrated restraints in one or
more seating locations.(19) The vehicles on this list
may have front row IR seats, a second or higher row
seating position with an IR (such as found in the
center seat position in some vehicles with split or
fully folding rear seatbacks), or both. The
methodology we employed with this list to identify
front outboard IR seats is described later in this
section.

CDS contains a variable called “Seat Performance”
(OA54). In this variable NHTSA coders list which

seats “deformed” or “failed” (NHTSA’s terms). We
used the NHTSA categories of deformation and
failure.

Datasets

Using the 11 years of NASS-CDS data we collected
two datasets with similar properties — one for Rear
Impacts and one for Frontal Impacts. These datasets
were used in all subsequent analyses, and are
described below.

Front Impacts Information was collected on
vehicles and their occupants that were struck in the
front. The vehicles that were impacted in the front
included the following. A driver must be present in
the vehicle; the Delta V reconstruction must be
completed for the vehicle and the Delta V results (in
NHTSA's opinion), were reasonable compared to the
damage observed on the vehicle (this selection
provides the most reliable Delta V data); the vehicle
did not rollover or catch fire; the primary general
area of damage on the vehicle was the front, and the
secondary area of damage was either blank (no 2nd
damage) or also the front; the principle direction of
force was from the front between 350 and 10
degrees. For the identified crashes and vehicles, the
following information was collected: the crash year,
primary sampling unit (PSU) and national weighting
factor, the vehicle number, make, model, body type
and wheelbase. Data was also collected for adult
(age >12) occupants in the front row outboard
seating positions including; the occupant number,
manual and automatic belt use, manual and automatic
belt failure data, seat performance data, occupant
NASS-AIS MAIS (Maximum Abbreviated Injury
Severity), and headrest information. This set of 11
years of data is referred to as the Frontal Impact
Dataset.

Rear Impacts Information was collected on
vehicles and their occupants that were struck in the
rear. The selection criteria used for the vehicles that
were impacted in the rear included the following. A
driver must be present in the vehicle; the Delta V
reconstruction must be completed for the vehicle and
the Delta V results (in NHTSA's opinion), were
reasonable compared to the damage observed on the
vehicle (this selection provides the most reliable
Delta V data); the vehicle did not rollover or catch
fire; the primary general area of damage on the
vehicle was the rear, and the secondary area of
damage was either blank (no 2nd damage) or also the
rear and the principle direction of force was from the
rear between 170 and 190 degrees. For the identified
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crashes and vehicles, the following information was
collected. The crash year, PSU and national
weighting factor, the vehicle number, make, model,
body type, wheelbase. Data was also collected for
adult (age >12) occupants in the front row outboard
seating positions; including the occupant number,
manual and automatic belt use, manual and automatic
belt failure data, seat performance data, occupant
NASS-AIS MAIS, and headrest information. This
set of 11 years of data is referred to as the Rear
Impact Dataset.

Integrated Seat Restraints A list of the Make /
Model / Model years of vehicles in the Rear Impact
Dataset was created. We cross-referenced this list
with the NHTSA integrated restraint vehicle list to
identify the vehicles with one or more IR positions.
We then reviewed the NASS-CDS interior first row
seat photographs of these vehicles, plus all vehicle
Make / Models of MY 2000 or later to identify the
vehicles with first row front outboard IR seats. Front
row seats where the upper shoulder belt was
anchored to the seat frame were considered an
integrated restraint (IR) seat. Seats where the
shoulder belt passes through a fairlead on the seat but
anchors to the vehicle B pillar or similar non-seat
structure were not counted as IR seats. We did not
include aftermarket retrofit (non-factory installed)
seats in the integrated seat group (1 seat identified).
All vehicles found to have a factory installed first
row outboard IR seat were also found in the NHTSA
list, a test that confirmed the validity of the NHTSA
list (at least for the vehicles in our rear impact
dataset). The finalized front row outboard IR seat
vehicle list (validated for vehicles in our Rear Impact
Dataset) was used to identify these vehicles in all our
analyses. The IR seat occupant group is a subset of
the Rear Impact Dataset, so all the criteria
enumerated in the Rear Impact Dataset section
applies in addition to the IR seat.

Note that it would be difficult to use NASS-CDS
photos to confirm the existence of rear IR seating
positions. Split or folding rear seats are often an
optional equipment item which are both difficult to
positively identify in the CDS photographs and
unlikely to be decoded using the truncated Vehicle
Identification Number (VIN) available in CDS.

Cab Reinforced Seats Using information
contained in the vehicle file of NASS-CDS, pickup
trucks with short cabs where the first row seatbacks
are in close proximity to the cab rear bulkhead face
were identified in the Rear Impact Dataset. These are
usually the short wheelbase versions of these
pickups. The identified group was reviewed using

NASS-CDS case photos to confirm the short cab and
the existence of head restraints at each occupant
position (older pickup trucks were not required to
have head restraints). The Cab-reinforced seat
occupant group is a subset of the Rear Impact
Dataset, so all the criteria enumerated in the Rear
Impact Dataset section applies in addition to the
identification of the Cab-reinforced seat.

Analyses

Using the four occupant groups listed above, Frontal
Impacts, Rear Impacts, IR and Cab-Reinforced Seats
(these latter two being subsets of the Rear Impact
Dataset) we performed the analyses listed below.
Unless otherwise noted, all results are related to these
four occupant groups, and are presented using the
weighted (national estimate) values included in
NASS-CDS.

Crash Severity Analysis We computed the
median Delta-V for each of the occupant groups as a
metric to compare the crash severities of the four
groups.

MAIS Analysis We computed the Delta V value
at which each occupant reached successive
Maximum Abbreviated Injury Scale (MAIS)
levels.(20) From this we computed the median
Delta-V for MAIS=3 (serious) injury for each of the
four occupant groups.(21)

Seat and Belt Restraint Performance We
examined the performance of seats in rear impacts
and manual and automatic restraints in frontal
crashes based on the coding of restraint failure or
seat deformation and/or failure by NASS-CDS
coders. CDS contains a seat performance variable
called “Seat Performance” (OA54). This variable
indicates which seats “deformed” or “failed” (these
are NHTSA defined terms). We used these NHTSA
categories of deformation or failure. The
determination that a seat or restraint deformed or
failed was made by NHTSA’s NASS-CDS coders.(1)

Risk of Injury IR versus non IR Seats We
computed the risk of any injury for IR and non IR
seats and whether the difference was significant or
not based on both the national estimate and
unweighted (actual count) case values.

Results
Table 1 summarizes the major findings, and includes

two NHTSA crash test criteria for reference.(22,23)
The median (half above/half below) Delta V value
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for the occupants in rear impact crashes is 19.5 kph
approximately the same the 19 kph median for
restrained occupants in frontal crashes. While not
shown in Table 1, the median Delta V for all
occupants (restrained and not restrained) in frontal
crashes is also similar at 19.5 kph. The rear impact
median Delta V was similar for the occupants in IR
seats (19 kph) and the occupants in Cab-reinforced
seats (19.5 kph). Based on the similarity of these
median values, we made direct comparisons of
injuries and seat failure / deformation rates.

Rear impact crashes - The median occupant
Delta V for a MAIS-3 (at least one serious injury)
occurred at 19 kph, half the belted occupant Delta V
in frontal crashes (38 kph). At 20 kph Delta V, 56%
of occupants in rear impact crashes reached MAIS-3,
compared to 6% of restrained occupants in frontal
crashes at the same Delta V. Therefore at 20kph
(near the median crash severity) more than nine times
the percentage (56%/6%) of occupants sustained
injury(s) resulting in a MAIS=3 in rear impact
crashes relative to restrained occupants in front
impact crashes.

Median delta V for seat failure - The median
value for failure and deformation for occupied seats
in rear impact crashes is 27 kph, about 7 kph above
the median crash Delta V. Twenty-three percent
(23%) of nation-wide rear impact crashes occurred at
or above 27 kph Delta V. Twenty-five percent (25%)
of all occupants in the rear impact dataset
experienced seat failures or deformations in rear
impacts - 69 times the failure rate of belt systems for
restrained occupants in frontal crashes (0.36%). IR
and Cab-reinforced seats had no seat failures and
lower deformation rates of 6% and 1.5%
respectively. The higher front outboard seat
deformation and failure rates observed with standard
seats were associated with a higher percentage of
occupants reaching the MAIS=3 (serious) level.

Occupants in an IR seat - No occupant in an IR
seat in a rear crash was more than MAIS=1 (no
injury above AlIS=1) regardless of Delta V. In
contrast, 50% of all occupants in rear crashes in
standard seats experienced MAIS=3 injury by a Delta
V of 19 kph. However, the relatively low number of
IR equipped vehicles in rear impact crashes included
in NASS-CDS causes the sample size to be relatively
low — see Table 1.

Cab Reinforced Seats - One occupant
experienced an AIS=3 level injury in a >30 kph Delta
V crash and was MAIS=3. No occupant in a
Cab-reinforced seat in a rear crash experienced an

injury of AIS=2 and therefore all remaining
occupants were MAIS=1 or less. As previously
noted, 50% of all occupants in rear crashes in
standard seats experienced an injury resulting in
MAIS=3 by a Delta V of 19 kph. As with the IR
occupant group, there are a relatively low number of
short cab pickups in rear impact crashes included in
NASS-CDS, and this causes the sample size to be
relatively low.

Relative Risk We computed the relative risk of
injury for occupants in IR seats relative to standard
seats using a Chi-Squared test. As there are no IR
seat occupants with MAIS=2 or higher in the
NASS-CDS study data, the relative risk for MAIS=2
or higher is mathematically infinitely higher for IR
compared to standard seats MAIS>1 levels (division
by zero).

Risk of Any Injury We examined the risk of any
injury (AIS=1 or higher) for IR versus standard seats.
For this test any occupant with MAIS=1 through
MAIS=7 (MAIS=7 is “injured but unknown
severity”) was considered injured.(10) In this paper,
Occupants with MAIS=0 were considered
“uninjured” in the context of not having a codeable
NASS-AIS injury.(16) We computed the relative
risk of injury for occupants in standard seats versus
IR seats two different ways to identify differences
that might be caused by the sampling nature of
NASS-CDS. This is similar to the approach NHTSA
used to examine CDS data, and also taught by the
authors in their SAE course "Accessing and
Analyzing Crash and Injury Data from Online
Databases ".(23,24)

National Estimate Using the NASS-CDS
national estimates values, the relative risk of any
injury for standard (non-IR) versus IR seated
occupants was 1.40 times, p<0.05. If the IR results
are adjusted by two standard errors (an
approximation representing a 95% conservative case
for the IR group) the relative risk result is 1.90 times
relative risk and p<0.05.

Random Sample For our second method we
treated the NASS-CDS cases as a random sample
with all case weights of 1 (no national weighting
factor used). The relative risk of any injury for
standard (non-IR) seats was 1.41 times that of IR
seats, p=0.07. Even with the relatively small
Integrated Restraint seat group size, the relative risk
results meet 93% to 95% confidence levels,
depending on which of the above two methods we
used.
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Summary Information, Adult Front Row Outboard Occupants
Data Source: NASS CDS 1997- 2007

Front Imgact Dataset Results kph mph

Includes 8,700 Occupants with an equivalent National Estimate of 4,100,000
Median Delta V, all frontal impacts 19.0 114 Restrained Occupants
Belt Restraint Failures 0.36% Restrained Occupants
Median Delta V for MAIS 3 Serious Injury 38 22.8 Restrained occupants, includes belt failures
NHTSA 30 mph Frontal Test* 48 30 Barrier Speed*

97.3% Percentile of national frontal crashes

Rear Imeact Dataset Results kgh mph

Includes 1,250 Occupants with an equivalent National Estimate of 760,000
Median Delta V, all rear impacts 195 11.7 Restrained & Unrestrained Occupants
Median Delta V for Seat Deformation/Failure 27 16.2 Restrained & Unrestrained Occupants

Seat Deformation / Failure Rate 25.1%

Deformation & Failure Rate
Times Risk relative to belt failure in frontals

Median Delta V for MAIS 3 Serious Injury 19

11.4 Belt and no belt, with and without failures

NHTSA 301 Rear Impact Test** 56 35 Delta V**

98.8% Percentile of national rear crashes
IR Seat Subset Results kph mph
L

Includes 26 Occupants with an equivalent National Estimate of 5,200

Median Delta V 19 114 Restrained & Unrestrained Occupants
Median MAIS 3 for IR Seats none No AIS-3 injuries for IR seats
Median MAIS 2 for IR Seats none No AIS-2 injuries for IR seats
Median MAIS 1 for IR Seats 19 114 All occupants

IR Seat Deformation Rate 6.2% Deformation Only (No Failures Recorded)
Cab-Reinforced Seat Subset Results kph mph

Includes 24 Occupants with an equivalent National Estimate of 14,000

Median Delta V 19.5

11.7 All Occupants

Median MAIS 3 for Cab Reinforced Seats n/a

One AIS 3 injury to one occupant

Median MAIS 2 for Cab Reinforced Seats none

No AIS-2 injuries

Median MAIS 1 for Cab Reinforced Seats 33

19.8

Cab-Reinforced Seat Deformation Rate 1.5%

Deformation Only (No Failures Recorded)

Notes: * Barrier approach velocity, Delta V would be higher by about 3mph due to rebound
** 3000lb moving barrier @ 50mph, Delta V varies with target mass

Cab-reinforced seats For Cab-reinforced seats
there was one occupant with MAIS=3, no occupants
with MAIS>3 and no occupants with MAIS=2. We
performed the same injury / no-injury relative risk
comparison as outlined above to determine if
Cab-reinforced seats were associated with more

injuries than standard seats. Using NASS-CDS
national estimates, standard seats were associated
with reduced risk of injury - 0.86 at p<0.05.
However, the two standard error test reversed this
result with standard seats showing 1.3 times higher
risk at p<0.05. Results using unit weights (no
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national weighting factor used) showed no difference
in MAIS=1 and above injuries between standard and
Cab-reinforced seats (p=0.56). Note that the
existence of only one occupant with MAIS=2 or
greater means that the above results are primarily
driven by MAIS=1 occupants. These occupants have
only minor level (AIS=1) injuries and therefore the
difference at this low a severity level would require
further analyses to determine if it was of practical
benefit. Overall, the results indicate that
Cab-reinforced seats were associated with a
reduction in occupants reaching MAIS-2 and higher,
but were not statistically different from standard seats
for MAIS=1 level injury. Therefore the data used in
this study does not support the conjecture that
Cab-reinforced seats are associated with increased
occupant injuries in rear impact crashes.

Make & Model We examined the percentage of
seat deformation and failures in rear impact crashes
by Make and Model. A preliminary analysis did not
reveal any Make based differences that were
statistically significant. A second analysis by Make
and Model showed that seat failures & deformations
in rear impact crashes may be associated with
specific model lines (or perhaps with specific
platforms or seat designs for which we did not have
the detailed seat engineering information to
statistically investigate). Model level analyses using
NASS-CDS is limited by its relatively small sample
size and its focus on only late model vehicles.

CONCLUSION

The rate of Non-IR seat failure/deformation in rear
impact crashes is 69 times the rate of belt failures in
equivalent severity frontal crashes. This is a cause
for concern because it was associated with a
difference in MAIS=3 injury risk. The median Delta
V for all reported seat failures and deformations was
27 kph (16.2 mph). Approximately 25% of
occupants in rear impact crashes were in crashes
above the Delta V at which 50% of the non-IR seat
failure/deformations occurred. Front seat failure
could result in injury to children or adults riding in
the seat directly behind the failing seat; a factor not
included in this study.

In a Delta V crash of 20 kph, approximately the
median rear impact crash severity, the percentage of
occupants in non-IR seats experiencing injuries
resulting in MAIS=3 was more than 9 times that of
restrained occupants in frontal crashes. Based on this
data, standard (non-IR) seats in rear impact crashes
did not provide injury protection equivalent to

existing restraints in frontal impacts.

No occupant in an IR seat experienced an injury
above AIS=1 (all were MAIS=1 or less). For any
injury level, (MAIS>0), occupants in non-IR seats
were 1.4 times more likely to be injured than
occupants in IR seats (p<.05). This result was the
same whether weighted (national estimate) or
unweighted (raw case) counts were used.

The available NASS-CDS injury data for occupants
seated in front outboard IR seats indicates that IR
seats were associated with fewer occupants (by
percentage) reaching any MAIS greater than 1 in rear
impact crashes compared to non-IR seats.

Stiff (non-yielding) seats, as represented by
cab-reinforced seats, were not found to be associated
with an increased risk of injury in rear impact
crashes, contrary to previously published papers.
Only one occupant in a cab-reinforced seat
experienced an injury resulting in an MAIS >1. The
study data shows that Cab-reinforced seats were
associated with fewer occupants (by percentage)
reaching MAIS levels 2 and above in rear impact
crashes compared to standard seats.

The currently available NASS-CDS data for IR seats
in rear impact crashes indicates that IR seats were
associated with reduced injury rates for all injury
levels in rear impact crashes, and that IR seats
potentially could provide injury protection
comparable to existing restraints in frontal crashes.
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ABSTRACT

It is the essential technique to percept the
position of passenger’s head before rear collision to
pre-crash headrest for minimizing the one’s neck
damage. This research introduces the technique of
perception of head using the electrostatic capacity
sensor in the head rest.

When the distance between the head rest and
passenger’s head is measured, pre-crash headrest
could be adjusted to most proper position for
Whiplash protection. It will improve safety
technology.

INTRODUCTION

The research of the latest vehicle accidents show
that 25% were caused by the rear-end collisions
where 80% injuries were to the neck. As a result, the
headrest that minimizes passenger’s neck injury
preceding the rear-end collision is necessary and the
number of mechanical/electronic neck injury
prevention systems were introduced and being
applied.

However, the focus of this study is on
developing the system that takes precautions against
the possible neck injuries by automatically realizing
an optimal safety positioning preceding the rear-end
collision. To accomplish this, the passenger head
location detection technology is crucial. In this study,
the electrostatic capacity styled sensor technology is
mounted in the headrest to detect passenger’s head
location to boost the neck-injury prevention
performances by reducing passenger’s head and the
headrest’s Backset in rear-end collision and to
address the passenger’s comfort by naturally
maintaining passenger’s head and headrest’s distance
in daily use. The electrostatic capacity sensor has no
directionality in receptive fields and has expansive
measurement ranges which makes favorable for the
head detection.

SYSTEM CONFIGURATION

The system is configured for headrest to operate

the motor by actually configuring an electrostatic
capacity styled sensor to seat’s headrest which
controls the relative distances between the head and
the headrest.
System is configured with the sensor module which
processes frequencies detected from electrode areas
of electrostatic capacity sensor & head, and the seat
ECU which controls headrest’s forward and
backward operations; the seat ECU is configures with
the radar to detect rear approaching vehicles.

P --‘
[
‘ Sensor Module

Seat ECU
RADAR

Figure 1. Head Detection Seat Schematic.

Sensor module & controller converts head’s
electricity quantum frequency to digital value to
extract the distance information then transmits the
information to seat ECU for the control of headrest
operation commending motor. As the first operation
of a sequence, moves the headrest forward/upward by
detecting the collision warning signal thru rear radar
and stops the motor to maintain 10mm Backset
between passenger’s head and headrest to minimize
the neck injury in rear-ends collision, then moves the
headrest to its original position at the end to restore
the passenger programmed comfort location.

Fig.2 is the block diagram for sensor module.
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Figure 2. Sensor Module Block Diagram
The system is operated by the logic, Fig.3.

START

Rear Crash Signal
-

Head Detection
Sensor Operating,

Headrest
Working

Headrest
Forward Move

Headrest
Formost?

Headrest
Detection

Headrest
Forward Mgve Operating,

i ]

Figure 4. TEST JIG

Type Specific Experiments of Electrostatic
Capacity Sensors

The experiment is conducted to identify the
favorable head sensing materials by measuring 4
forms of electrostatic capacity variations. The silver
and copper were chosen for its high conductivity
which is favorable for detecting the electrostatic
capacity variations. For a detection target, a case
containing water that is dielectric constancy
favorable with the head were used in an experiment.

On Fig. 4, the distance corresponding
electrostatic capacity variations is detected while
moving the water pouch forward and backward
directions from the front of seat’s headrest. Detected
electrostatic capacity is shown as a frequency and
distance corresponding frequency variations were
measured for the distance measurement.

Table 1. Sample Specific Grouping

5 second after
working

Headrest
Return to Initail Position

Head Detection Sensor
PaL}se

>

EMD

Figure 3. System Control Logic

Classifications Shapes Electrode Quality
SAMPLE 1 . Silver
SAMPLE 2 . Silver + Copper
SAMPLE 3 m Copper (Trapezoid)
SAMPLE 4 @ Copper (Circular)
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Test Results & Evaluations

Conducted the experiments on 4 samples and
obtained the result shown on Fig. 3. Fig. 5 shows the
data value of 4 experimental samples. The frequency
values from oscillator circuits are measured in
accordance to the distances for the experiment value.

kHz

TAMPLE |

LAMPLET

e . ERMFLET

mm
Figure 5. Frequency Value of Sample Specific
Distance

SAMPLES 1, the frequency values per distances
are mild.

This represents the frequency value for the
headrest and the head’s distance of 10mm. The case
of frequency value’s variation error on areas outside
the 10mm boundaries, it shows that there can be a
greater range of error from the headrest operation halt
distance. SAMPLE 2 has about 1 KHz greater
frequency displacement volumes for each Ilmm at
10mm distance of Fig. 5. Therefore, it can be seen
that the halt location establishment is more effective
for the existing silver with the copper plate additions
compared to other SAMPLES by 0.5 KHz per each
Imm. SAMPLE 3 & SAMPLE 4 show a favorable
frequency displacement values which indicates
insignificant effect of shape changes. After setting
the initial frequency value to where the distance
between the head & headrest are 70mm and final
frequency value at Omm, SAMPLE 3 has large
variation volumes as shown on Table 2. Also, to
effectively detect the electrostatic capacities of
human body’s dielectric constancy, high electric
conductive material should be used. Electrostatic
capacity, larger the accumulated electricity quantum
is longer the detection distance is. A highly
conductive and wider sized material for the pole plate
or high dielectric constancy substances increases the
electrostatic capacity.

Table 2. Frequency Variation Value

70mm~0mm Block
Classifications | ypjtja] | Final | Variation | Remarks
Values | Values Values
SAMPLE1 123.93 | 109.97 13.96 Small
SAMPLE2 114.24 82.31 31.93 Large
SAMPLE3 99.60 | 78.00 21.6 | Medium
SAMPLE4 102.74 82.17 20.57 | Medium

Over time, there are insignificant fluctuations to
frequency values as shown on Fig. 6.

The assurance of stability is indicated since the
reliable resulting values were obtained due to
minimal volatilities of the initial value.

kHz
©® 10mm ®20mm @ 50mm A 70mm

110.00

4 s 4 ¢ 4 4
105.00

s n u u [ u
100.00

[ ] [ J [ ] [ ] [ ] [ ]
95.00
90.00

0 1 2 3 4 5 6 7
Second

Figure 6. Time Specific Displacement Values
of the Frequencies

kHz

- -23°C
——26°C

29°C
125.0

n——— e

e

1200 +

1150 +

110.0

105.0

13 57 9111315171921232527293133353739414345474951535557 5961636567 6971

Second

Figure 7. Temperature Specific Displacement
Values of Frequencies
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Fig. 7 shows the resulting values for the
temperature change corresponding frequency values.
The same specifications as SAMPLE 1 was
repeatedly measured at 23°C, 26C, 29C for the
temperature displacement measurement and has error
range of 1Khz, £3mm; the effect of temperature
displacement is less at upper temperature.

CONCLUSIONS

In this study, the sensor module is developed to
graft the electrostatic capacity sensor technology onto
the seat’s headrest for the extraction of distance
information and TEST JIG was utilized to conduct
basic system performance evaluation of the sensor
module’s pole plate samples which supplies crucial
variables. Able to select the useful electrostatic
capacity sensor pole plate for the seat’s headrest
by understanding electrode sample specific
characteristics and able to validate the usefulness in
acquiring the distance information as the electrostatic
capacity fluctuates according to the -electricity
quantum variations of the distances.

The characteristics of frequency values were
verified through the basic performance evaluations,
however execution of improvements are crucial from
additional environmental tests.
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ABSTRACT

Neck injuries caused by rear-end collision are the
most common injury type in motor vehicle accidents.
The exact mechanism that causes whiplash is still not
agreed upon. What has been agreed upon is that
reducing relative movement between head and torso
reduces neck injury. There are two ways to reduce
relative movement between head and torso. One is
supporting the passenger's head as fast as possible.
Head acceleration is increased, reducing the relative
acceleration between head and torso. This approach

is the most common way to prevent whiplash injuries.

The other way is to reduce torso acceleration by
controlling the seat back and reducing the relative
acceleration between head and torso. Based on
benchmark test results, the second approach is an
easy and robust way to handle the newly enhanced
KNCAP test protocol. This study addresses a neck
injury protection device to deal with enhanced neck
injury rating systems in KNCAP & EURONCAP by
controlling seat back frame movement. The device
has been built, simulated, and tested.

INTRODUCTION

The perception that frontal and side collision has a
direct relationship to passenger safety in a vehicle
collision has caused continuous interest and research
on this topic. Therefore, there have been active
developments related to the regulations/product
property evaluations and systems that deal with this
type of collision. Rear-end collisions are less likely
to be fatal to passengers than frontal and side
collisions, but occur at a higher frequency. This has
caused a gradual increase in interest due to the raised

societal expenses. In order to regulate this, product

property evaluation has been progressing centered
around insurance institutes. Since 2004, both ITHS &
THATCHAM have conducted static and dynamic
assessments and released the results.

IHS IHS FMVSS 202a  Final FMVSS
T~ (STATIC) (STATIC/DYNAMIC) DRAFT Rule 202a
/ N\
( usA )
7 199% 2004 2005.3 2007.5 2009.9.1~

THATCHAM THATCHAM -
. (STATIC) (STATIC/DYNAMIC) Euro NCAP
( Europe )
g 2001 2004 2008.5
- KATRI KNCAP KNCAP
e ~\ (STATIC) (STATIC/DYNAMIC) | REVISED
( Korea )
S 2005 2008.4 2009.3

Figure 1. Regional specific neck injury
assessments/product property status

As shown on Figure 1, EURONCAP has developed
new evaluation criteria and has been conducting
assessments for rear-end collision neck injuries since
2008. They have done so by adding supplements to
the existing [IHS. KNCAP imported EURONCAP
evaluation criteria and adjusted them to Korea
KNCAP has been
assessments since 2008, and enhanced injury
criterion will be enforced in 2009. EURONCAP
and KNCAP use combined ratings system for frontal,

circumstances. conducting

side, and rear-end collisions. They report the
assessment results, with each category separately
evaluated and recorded. This research supplements
the existing IIHS criteria, identifies the enhanced
EURONCAP and KNCAP injury criterion regarding
seat characteristics, and introduces developments of
improved system.

Regional neck injury property evaluation status

IIHS’s existing dynamic performance evaluation
factors of Fx, Fz, T1, HRCT are not enough to
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represent actual neck injuries in rear-end collisions.

To supplement, EURONCAP & KNCAP added 3

criteria as shown on Table 1: NIC, NKm, HRV.
Table 1.

Product property evaluation status

IHS (North) KNCAP EURO NCAP
« Fx * Bx « Fx
«Fz *Fz *Fz
e «T1 « Tl
Dynamic| « HRCT « HRCT « HRCT 16km/h
Injury « NIC NG Teimlh
‘tori + Nkm i SNkm i 5 gk
Criteria - HRV . HRV ! Alam/|
16km/h 16km/h ——
N B COOD 4.9~6 ~ PGOODN -
1] CCEPTABLE 4.0-4.9 8:0074.00
Rating ’ 3.1~4.0 Ay NEGINAY 1.50~2.99
| GINAL 2.2-3.1 £ MR 0.00~1.49
- FOOR 029 . -00~1.

The general concept for neck injury reduction,
currently used in most of the models, utilizes forward
protrusion of the headrest structure upon collision.
This provides head support and creates affinity
between torso acceleration and head acceleration by
raising the head’s acceleration, as shown on Table 2.
This system generally has superior HRCT(HeadRest
Contact Time) but has the tendency to show
unfavorable T1 accelerations. Although the system
introduced by the other concept is somewhat slower
to support the head, the head’s acceleration is
matched by lowering the torso’s acceleration. This
case shows superior T1 but has the tendency to show
unfavorable HRCT.

Table 2.
Basic concept of neck injury reduction

Increase Head acceleration Reduce Torso Acceleration

—
e

Lower T1 by controlling

Early Head Support Seat Back Deformation Angle

« Increase head acceleration to reduce
relative acceleration differences between
head and torso

* Reduce Torso acceleration to reduce
relative acceleration differences between
head and torso

* Most of Current Re-active H/rest system

* AUTOLIV whips

METHORD

Competition-Car Evaluation Study

Analysis of Table 3, the competition-car evaluation

result, shows T1 and HRV(Head rebound velocity)
values to be most unfavorable among the 7 dynamic

injury criteria. Since the dynamic performance factor
is derived by selecting a superior score between T1
and HRCT and then totaling up that score with the
rest of the 5 categories in neck injury assessment,
improvement to the HRV value is the most important.

Table 3.
KNCAP neck injury evaluation status of
competition-car

Dynamic STATIC
+
P i e [ | e || o OI:[RCT Total DY“('D‘/:?’”C RATIRG
1 |NONAHR|1.13[127 |087| 15 | 15| o | 15| 777 | 837 Sk
2 | whips (15| 15| 15| 15|15 |15| 0 | 9 99.6 Sk
3 | ACTIVE [0.85/0.67 | 0.58 | 12 | 1.18 | 0.55 [ 132 | 5.8 68 4%
4 |NONAHR| 15116 | 114 | 15 [ 111 [ 135| 15 | 791 85 Sk
5 | ACTIVE [0.83) 0.9 [0.82| 15 | 15 | 0 | 15 | 705 | 793 4%
6 |NONAHR|1.27/0.82 | 04 | 114|111 (013|138 | 612 | 712 4%
AVERAGE [1.18|1.05 | 0.89 [ 1.39 | 1.32 | 059 | 1.20 | 7.03 | 78.6 4%
Table 4.
KNCAP evaluation status of tested seats
Dynamic ST/iTIC
SEAT OR DYNAMI | RATING
NIC | Nkm | HRV | FX | FZ [ T ol Toul | C
(%)
1| AHR 069 |131[072| 15 | 15| 15 | 15 |722] 822 Sk
2| AHR | 1 |108|074| 15| 15 |138| 15 [732] 832 Sk
3 [Non AHR| 1.39 | 1.16 | 071 | 15 | 1.5 | 124 | 15 | 7.76 | 843 Sk
4 |NonAHR| 129 | 105|086 | 1.5 | 15 [ 09 | 15| 77| 829 5%
s | AHR | 139108067 | 15 | 1.5 | 091 | 15 |736| 838 5%
6 | AHR [124[123 075|148 | 15 (039 15| 77| 826 5%
AVERAGE | 118 | 1.21 | 0.66 | 148 | 146 | 0.82 | 1.47 | 7.44 | 83.1 Sk

As shown on Table 4, evaluation results of HMC
models show weak HRV and an insufficient margin,
although 501 has been obtained. @ To obtain the
above results, numerous tests were performed to each
model. It can be confirmed that the best way to
improve neck injury assessment is to boost the HRV
value and back frame deformation characteristics,
which can be verified through competitive analysis

of a superior HRV valued vehicle.

HRV (Head Rebound Velocity) value generally
occurs when the elastic strain energy stored in seat is
converted to kinetic energy in the dummy after
maximum acceleration of sled has been achieved.
Maximum restitution rate generally occurs at the
point where the dummy’s head and headrest separate,
or immediately after. To improve the HRV value:
thicken the seat’s pad, since the seat absorbs the

dummy’s inertial force ; widen the seat back’s frame;
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increase the headrest’s stay strength; induce plastic

deformation in the seat back to remove elastic energy.

Figure 2, below, shows HRV value obtained through
the evaluation of HMC & competitors’ seats. All of

the seats have similar HRV values except “A seat.”

HRY 4+ /%
(m/s =

0 005 01 oI5 o2 025 0-

Time (sec)
Figure2. HRYV Evaluation Graph
A B c D
Seaf
Back 0 _,_;>
angle _z-
_4_
-
| —
-5
.ID_
-121
_14_

0 005 o1 045 02 025 03
Time (sec)

Figure 3. Deformation angle of seat back

A B c D Average
seat
Max Deform 14.6 82 13.8 10.7 £
Angle
Deformation 7.24 0 0.5 12 0~1°
Angle at 300ms
System Whips Passive Re active Passive
HRV
(3. 2m/s~4.8m/s) 32 43 4.8 42 4.13

Table 5. Benchmarking test results

Analysis of Figure 3 and Table 5 shows the notable
differences are from the seat back angle’s
displacement volume. “A Seat” had the largest seat
back displacement along with higher permanent
displacements for the seat-back. This shows the use
of a structural system that absorbs the dummy’s
energy using plastic deformation of the seat back

upon collision.

System Design

The development of a structural system that can
control the seat back’s deformation in a rear-end
collision is necessary. This system should also meet
HMC’s seat mountable conditions. As shown on
Figure 4 and Figure 5, the system operates only in
collisions and is in a locked position during general

operation.

E » System Activated

Figure 4. System activated in rear-end collision

» System Locked

Figure 5. System locked in general conditions

Design model improvements were executed during
phase 4 in considerations of package conditions,
collision conditions, general usage conditions, and
optional applications on current frames, et cetera.
The final Design Model specification drawing has
been released as shown on Table 6.

Table 6. Revised model of Reduction System

4™ (Final Model)

Current 18t 2nd 3rd

The system(Whips: Whiplash Injury Protectin
System) should work as below in figure 6. The
corresponding detachable side cover for the system
operations is also shown.
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Normal Use Conditio! System Activated - L\

Figure 6. Detachable side cover concept &
actual sample for Whips

System Analysis

Standard Seat

Back Angle

75 0 15 150 115 2
Time(ms)

Figure 7. Seat Back’s Maximum Displacement
in Rear-End Collision with Whips & Standard
seat

The designed model was used for the neck injury
analysis. The system’s parts were adjusted, as it
wasn’t functioning during the analysis phase 1. The
system was functioning well, however, during the
analysis phase 2 with some modification. As shown
in Figure 7, the following were confirmed: the seat
back’s rearward maximum displacement with Whips
exceeded the standard seat deformation angle by 8
degrees. As shown in Figure 8§, HRV improved by
0.75 points compared to the existing value because
of induced plastic deformation within the system, and
the dynamic performance improved by 0.95 points,

450 — 500 (0.501).

D Non AHR O WHIPS
1.5
Lo Il O
0.5
o LM . ‘
NIC Nkm HRY Fx Fz HRCT/T1

Figure 8. Analysis result with Standard seat and
Whips

Evaluation Result

The improved model, which is based on the analysis
results of the Whips application, was used as a final
evaluation. An evaluation was conducted, and the

system operated normally, as shown in Table 7.

Table 7.
System condition of Before/After crash

After (System Activated)

Before (Locked)

LH side

Table 8.
Evaluation results of KNCAP Whips

HRV FZ % Rating
Current standard seat 0.71 1.5 84 5.0%
t stan t with Acti
CunenAs dﬂfé seat wil ctive 0 s 0 ik
conventional active headrest Headrest
‘Whips system Test 1 Whips system applied L5 0.95 83 5.4%
Volvo Headrest
Whips system Test 2 oo Headres L5 15 95 | 56%
‘Was applied
Headrest blower
‘Whi tem Test 3 1.5 1.5 96 57%
1ps system 1es modified

Table 8. shows the evaluation result of the Whips
application. On the first evaluation, HRV value
improved but Fz value worsened. Contrasted with
the existing standard seat, the head’s tensile force
increased and the seat back’s displacement value
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came close to 16 degrees when the Whips system
was applied. Whips applied HRV’s characteristic
curves are shown in Figure 9. Definite differences
can be confirmed when compared to the standard
(passive system) seat.

) Whips system
Passive system /

VAN

LN

6 Time [ms]

Head rebound speed x-dir [m/s]
o

Figure 9. Evaluation result of HRV with standard
seat and Whips

The result was a worse value for Fz because the
Whips system has a greater seat back deformation

angle than the standard seat,

as shown in Figure 10.

Figure 10. Standard vs Whips applied dummy
motion

Next, a trend validation test was performed using the
Volvo headrest. The result was a good score. It can
be deduced from this second result that an
improvement to Fz value is possible if using the
appropriate heardrest shape, internal structure shape,
stays, et cetera.

For the third test, as shown in Figure 11, the shape of
the headrest’s blower area was improved. The
original round shape was flattened out and the stay
strength was increased.

Figure 11. Headrest inner part shape improved

Additional validation is planned such as severe rear

crash, frontal crash, luggage block retention, et cetera.
CONCLUSIONS

This research was a study on the fundamental
approaches to neck injury reduction. Minimization of
the head and torso’s relative motion is the basis of
neck-injury reduction. Two basic systems were
studied:
of the headrest to increase the head’s acceleration

a system that creates forward protuberance

and minimize the torso acceleration variances, and a
system that minimizes the torso acceleration and
minimizes the head acceleration variances.

Frame behavior characteristics and HRV correlation
analysis were conducted by analyzing the evaluation
results of HMC seats and competition-car seats.
on HRV value
improvement was the seat’s capacity to absorb the

The most influential factor
dummy’s collision energy, especially the frame’s

ability to absorb energy was founded to be critical.

Development of a system that induces plastic
deformation to absorb collision energy, therefore
improving HRV, was confirmed. A robust system
was designed by applying a Reduction System that
can respond to the new injury criteria of KNCAP and
EURO NCAP for HRV, Nkm, NIC, et cetera.
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