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INTRODUCTION

The Enhanced Safety of Vehicles (ESV) program originated in 1970 under the North Atlantic
Treaty Organization (NATO) Committee on the Challenges of Modern Society, and was
implemented through memorandums of understanding between the Governments of the
United States, France, Germany, Italy, the United Kingdom, Japan, and Sweden. The
participating nations agreed to develop experimental safety vehicles to advance the state-of-
the-art technology in automotive safety engineering and to meet periodically to exchange
information on their progress. Since its inception the number of international partners has
grown to include the Governments of Canada, Australia, The Netherlands, Hungary, Poland,
Republic of Korea, and two international organizations the European Enhanced Vehicle-safety
Committee, and the European Commission. A representative from each country/organization
serves as a Government Focal Point in support of the ESV program.

In the interest of information exchange, The U.S. Department of Transportation, National
Highway Traffic Safety Administration (NHTSA), distributes the Proceedings of the 24"
International Technical Conference on the Enhanced Safety of Vehicles. The technical papers in
this publication detail safety research efforts underway worldwide, and share the common
interest of reducing motor vehicle related fatalities and injuries.

The opinions, findings, and conclusions expressed in the publications are the original written
work of the author(s) and not necessarily those of the U.S. Department of Transportation,
National Highway Traffic Safety Administration. Traditional papers are accepted after the
corresponding abstracts undergo technical review. To enhance the scientific content, twenty
one papers were accepted for peer-review and published in a special edition of Traffic Injury
Prevention 16(S1), by Taylor and Francis Group. These papers are available to the public via
http://www-esv.nhtsa.dot.gov/.

On behalf of the Conference Organizing Committees we thank our international participants for
their dedication and support of the 24™ ESV Conference and look forward to your future
participation.

Donna E. Gilmore
ESV Technical Coordinator & Scientific-Secretariat
USDOT/NHTSA
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ABSTRACT

In recent years, active safety systems are introduced to the markets and many of them are adopted to improve
the possibility to avoid the accidents. These active safety systems include AEBS (Automatic Emergency
Braking System,) LKAS (Lane Keeping Assistant System,) BSD (Blind Spot Detection,) and so on. The
evaluation methods for those systems also have been developed and determined as international standards.
Additionally, target systems for evaluation have been developed too. However, they are usually designed for
testing straight rear collision scenarios. To reproduce other scenarios such as cut-in situations, a new concept
of the target system is needed. So, in this work, the unmanned target vehicle are designed and developed.

The target vehicle is developed as an unmanned vehicle for accurate path following performance. A DGPS
with 2cm accuracy and heading angle IMU are installed for the path following function. A soft dummy which
resembles a typical SUV is attached on the unmanned target vehicle. To reproduce accident scenarios safely,
the target vehicle should be designed to protect the hunter vehicle and the target vehicle itself from the crash
shock of the collision situation. The target vehicle in this work is developed with a shock absorber system in
the rear part of the target vehicle.

The rear part of the target vehicle is designed to have similar characteristics with a real vehicles in visual shape
for vision systems and radio frequency reflection for radar systems. The shape and the material of the part is
selected for the hunter vehicle to recognize the target vehicle as a real SUV.

The structural and dynamic analysis are carried out for the target performance. Also, evaluation experiments of
the cut-in scenarios are carried out to test the hunter vehicle with the AEBS.

The dynamic performance results of the target vehicle will be presented. The results include the limit of impact
speed, maximum speed, maximum lateral speed and accuracy of path following logic. The AEBS performance
results of the hunter vehicle will be presented in the test cut-in situation.

In this work, test scenarios to evaluate the hunter vehicles are carried out especially for the 'Rear collision and
Cut-in' situations. Frontal collision and accidents in intersection situation are excluded. The hunter vehicles
with AEBS are only tested for the evaluation experiments. The test speed is set less than 40km/h.

INTRODUCTION

Currently, the vehicles that adopt the active safety system are launched in the market. There are AEBS, LKAS and
BSD as such active safety system and the system of adding points is prepared to be adopted to such system in
NCAP. And, the car manufacturing companies are accelerating the development of vehicles that adopt such
functions along such trend. It is acknowledged that the test method for verification should be development for the
active safety device as well like collision safety test that is carried out in NCAP necessarily. The evaluation methods
of active safety performance are developed in Europe actively[l]. Euro NCAP is performing the evaluation of
frontal collision prevention device[2].

And, the target vehicle that can represent the scenario is being developed together with the methodology. The target
vehicle is the one that simulates accident-causing vehicles such as stop, decelerateing and cut-in vehicles to



represent the accident situation in the accident scenario. As the active safety vehicle test is the evaluation of the
system for avoiding the collision in accident situation, it always contains the possibility of collision against target
vehicle in case the system does not operate completely. So the target vehicle should perform the function that can
protect each system against the collision that can occur in the test as well as representation of scenario. The vehicle
should attach the shock-absorbing material to absorb the shock, however, the problem of difficulty to let the testing
vehicle recognize the target vehicle as real one should be solved.

This study used the analysis of accident data in the advanced projects of Europe and selected the required
specifications for the target vehicle using the accident scenario drawn from them. The target vehicles were
developed to satisfy such specifications. And, they were developed as the unmanned vehicle was developed
considering correct representation of scenario, repeatability of test and safety of test driver. The developed target
vehicle verified the reproduction ability of scenario through the performance evaluation of trajectory tracking.

Scenario selection

This study used the analysis results of accident statistical data in the other projects for scenario selection. The project
called ASSESS[3] classified the kind of highest frequency and injury value by analyzing the accident data of
Europe. It used the scenario classified in the project.

ASSESS analyzed it using several data base of Europe and selected the generalized analysis method for analysis of
several data. The representative accident types were clasiffied for scenario classification

in advance and the representative ones were drawn considering the seriousness of accident. The importance was
determined by giving the specific weight according to the seriousness of accident along its type for generalizing the
frequency and seriousness. The whole generalization was done by giving the weight along the population of each
country. The accident of single vehicle, longitudinal collision (including both same and opposiste direction),
collision at intersection and pedestrian accident were drawn as the accident type and analyzed as the most important
type. In here, the collision at intersection and longitudinal collision were finally selected from the accidents of
vehicle-to-vehicle again.

It aimed to evaluate the active safety perforamce of state-of-the art vehicle and develop the device for that against all
accident types ultimately but it aimed to develop the target vehicle that can represent the longitudinal collision (the
same direction) in this study. In here, the selected specifications of target vehicle were the speed of 40 km/h to
satisfy the low driving speed, trajectory tracking of unmanned driving for correct representation of scenario and
deceleration performance of 6 m/s2.

Development of target vehicle system

The efforts to develop the target vehicle were spent in the other researches[1],[4],[5]. The target vehicle developed
in this thesis was produced by modifying the electric vehicle and installing the unmanned-controlling module. The
dynamic performances were increased by lowering total weight of the vehicle through removing all exterior and
interior materials of the vehicle. And the actuator and controller such as steering controling actuator,
brake(deceleration) control, acceleration control actuator, speed change actuator, wheel encoder, remote controller,
interface module box, control box, interface moduel box, power supply box were installed for unmanned driving and
remote control.

To explain each actuator simply, steering controling actuator used MDPS module as the mechanical part that
controls the steering of vehicle. The acceleration controlling actuator controls the accelerator pedal using the
accelerator pedal of the vehicle with mechanical part and wire. Brake (deceleration) control actuator controls the
brake pedal using the mechanical part to brake pedal. Remote controller can control power status of system, power
of each actuator and operation mode of system at driver’s seat. The rear side of vehicle had power supply box that
supplies the power of operating system and control box that controls each actuator by processing the power and
processing signal between actuator and controller (See Figure 1). The wheel and encoder were installed to measure
the movement and moving speed of vehicle in this sytem. Wheel encoder (DMI) has the principle that forwards the
value to the encoder as the bearing rotates when the wheel of vehicle rotates with the connection of encoder to
bearing. Bearing was designed to increase the durability of abrasion against vehicle wheel by urethane-covering and
measure the correct positional value with tighter adherence between the rotating part of wheel and encoder. 2 DMI’s
were installed at the rear wheel.



And remote control server (See Figure 2) was installed to control the target vehicle so that the tests of various
collision evaluation scenarios could be conducted in the unmanned way.

Development of soft crash

Soft crash was developed to protect the developed target vehicle from the collision. Soft crash should absob and
disperse the collision energy generated from the collision enough and guarantee the safety of testing and target
vehicles by minimizing the impulsive forece. Soft crash was developed to be installed at the height that the actual
vehicle collides that is the position of bumper. As the position of vehicle frontal bumper ranges from 220mm to
720mm generally, soft crash was installed at the position that is suitable for that. Shock absorber and sponge were
used to absorb the shock generated from the collosion. 4 shock absorbers were used and two of them were installed
to disperse the shock by mounting at the height of 220mm and 700mm. They were developed to relieve the first
shock and prevent the damage of bumper against the collision of metals as the sponge was attached to the rear side
of shock absorber in case of vehicle collision.

Power Management Box Remote Controller

Wheel Encoder(DMI) Actuator for Brake  Actuator for Accel

Figurel. Layout of target vehicle.
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Figure2. Control serverand program of target system

Performance evaluation of target vehicle

The specific track was composed for autonomic driving control algorithm performance evaluation for the developed
target vehicle and one time of decelerating section and double lane change section were applied. And, in case of
target speed, it was set as 45km/h for whole areas except the decelerating section. Its results were shown in Fig. 4
and Fig. 5.

Looking into autonomic driving control algorithm performance evaluation, it was known that the specific steering
angle was input properly to track the designated route in real vehicle evaluation and the designated route was
tracked as the result. But, it was recognized that the vehicle slightly got out of the coordinate of the designated way-
point. It was judged that it came from GPS error generated from the influence of various surrounding environments
including weather considering the characteristics of real vehicle that tracks the reference path based on the position
of the vehicle that was input GPS actually.



Real vehicle test of active vehicle

Real vehicle test was carried out using the developed target vehicle. The AEBS-adopted vehicle was selected as test
vehicle for the test and the test was composed by mounting soft crash to the target vehicle (See Figure 4). The
scenario used in the test was carried out at the difference of relative velocity of 10km/h in the condition of 0, 20, 30,
40km/h based on the speed of target vehicle in cut-in situation and it was programmed to implement cut-in and
generate the steering at the time when TTC (Time To Collision) of both hunter vehicle and target vehicle
became 4 seconds in case of cut-in scenario (See Figure 5). Looking into the test result of 40km/h, it was
known that the speed of target vehicle kept 40km/h and the trigger was generated at the point when TTC of
testing vehicle became 4 seconds in the test procedure. It could be checked out that TTC increased in a
moment due to braking of testing vehicle at the testing time of 35 seconds. And, looking into the change of
steering angle, it was checked out that steering began at the same time of generation of trigger and cut-in
completed after 3.5 seconds (See Figure 6).

gp— - —
I Active safety car e 4 i -
Laser scanner

Cut-In @TTC 4s

Figure5. Cut-in scenario for the test
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Figure6. Test result at target speed 40km/h
DISCUSSION

Looking into the results of real vehicle test, it could be recognized that AEBS of testing vehicle operated
approximately 5 seconds after target vehicle began to cut in, however, it was known that it performed the given
scenario correctly. And, it was recognized that cruise driving of target vehicle could be performed well at the
speed of 35~40km. The objective of target vehicle was to perform the testing situations correctly and
repeatedly, however, it was regarded that such things could be satisfied well. And, it did cut in at TTC 4
seconds and finished cut-in in 3.5 seconds in respect of scenario, however, it was too much slow cut-in. TTC
that began to cut in was needed to be performed in the reduced time to produce the more realistic accident
situation and it was considered that the faster cut-in could be available by increasing the steering angle. It was
considered that the additional performance improvement of vehicle and more precise speed control were
required for that.

CONCLUSIONS

The scenario to be applied to this study was selected to evaluate the active safety performance of active safety
vehicle by investigating the projects of Europe that analyzed real accident data.

The target vehicle was developed to represent the accident situations of such scenario and the developed
vehicle performed the test that conducted the designated scenario to verify the unmanned driving performance.
As the results of test, it was checked out that it followed the route correctly in unmanned driving. It was
checked out that it performed the scenario correctly by conducting the test that used the real vehicle. And, it
was also checked out that the actual accident situation whose cut-in time had to be shortened could represented
by increasing lateral acceleration through the additional performance improvement.

It is planned that system stabilization of system developed in this study and the research of the target vehicle
that is capable of collision at high speed will be carried out continuously, the integration test of active safety
vehicle will be possible hereafter if the system and methodology for the test are developed, and it is expected
that it would suggest the more clear standards for consumers to choose the vehicles.
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ABSTRACT

Based on the in-depth accident study of 138 cases occurred in Shanghai, China, in which a passenger car got
side impact, the characteristics of human - vehicle/equipment - environment factors were analyzed in order to
reveal the causation and damage/casualty consequence of these side impact accidents. The results show that
the average deformation of these side struck passenger cars was 22.4cm. Furthermore, the deformations caused
by large striking vehicles (trucks and buses) were 52% larger and the ratio of critical casualty consequence
(serious injury or death) hovered at 22%. On the other hand, the highest mortality occurred at both sides of
rear seats, and was nearly 13%. The head and neck were the most prominent injured parts of the body, which
occupied narrowly 64% of the casualties. These above objective characteristics of side impact accidents
provide a reliable basis for the development and application of occupant protection system and collision
avoidance technology in China.

INTRODUCTION

Both of the accident rate and the injury rate of side impact accidents are highest among all the collision modes all
over the world""™', Tn the 2004 report of American Fatal Accidents, 22% of the road accidents were due to side
impact and the cost of its damage exceeded 3 billion dollars every year”. Another statistical data collected by
IHRA (International Holocaust Remembrance Alliance) also showed that about one third of the traffic accident
casualties were caused by side impact'®. Therefore, side impact accident has become a hot issue which needs to be
further analyzed and dealt with. This paper analyzes the characteristics of side impact through concrete real-wold
road traffic cases, to investigate the influencing factors of occupant protection and collision avoidance technology
on the basis of the full research on motion response and injury severity in such accidents.

SAMPLING CRITERIA

The research data were collected by Shanghai United Road Traffic Safety Scientific Research Center (SHUFO),
which included 1097 serious traffic accidents' in Jiading district of Shanghai, China between June 2005 and March
2013. 23% of these accidents were side impact accidents, which is the leading collision mode.

The sampling criteria for this study is presented as followed: 1. Just two vehicles were involved; 2. A passenger car
(included AOO, AO, A, B, C and D segment) got side impact; 3. The first collision in the accident was side impact.
According to the criteria, 138 accident cases involving 217 occupants in the struck cars (the positions of the 209
occupants were confirmed) were sampled.

! Sampling Criteria of SHUFO: 1. at least one accident vehicle was generally or seriously damaged, or any
airbag of one accident vehicle was deployed; 2. at least one person involved in the accident was seriously
injured or dead.



STATISTICAL ANALYSIS

Among the 217 occupants in the struck cars, 88 of them were not injured and 91 of them were slightly injured,
while 10 of them were seriously injured and 13 were dead. The above injury severities accounted for 40.6%, 41.9%,
4.6% and 6% of the total respectively. The injuries of the other 15 occupants were unconfirmed.

Not injured

Slightly injured
Figure 1 distribution of occupants’ injuries in struck car (N=217) *

*Annotation: “Slightly injured” represents the not life-threatening injuries, such as bruises, fractures, etc.
“Seriously injured” represents the life-threatening but not fatal injuries.

CHARACTERISTIC ANALYSIS OF SIDE IMPACT
Accident Cause

About 81.9% of the side impact accidents were caused by violating traffic signal or right of way, which means that
these accidents were mainly influenced by the subjective factors of driver.

Four-way junction

14) Three-way junction

Figure 2 distribution of accident sites (N=138)
It is shown in the Figure 2 that 89.1% of the accidents happened at junction. Therefore, collision avoidance
technology, such as Intersection Braking System"’, and IOV (Internet of Vehicles) ' could improve the traffic
safety in such conditions.

Conflict Mode

73% of the accident cases concentrated on the three conflict modes: UTYP211, 301 and 321 (See Table 1). In the 24
accident cases of UTYP211, most of them were caused by A car’s violating right of way. In this conflict mode all
the A-cars were struck car. Generally speaking, in this conflict mode, the velocity of A-car (the left-turning vehicle)
is remarkably lower than the velocity of B-car (the straight driving vehicle). If B-car get left side impact, such
collisions are usually slight, which would not be collected in the database of SHUFO according to the sampling
criteria of SHUFO. 22 accident cases of UTYP211 (accounting for 92%) took place at the intersections with at least
four lanes in each direction, while 18 accident cases among them happened at the intersections without an



independent left-turn signal, where the A-cars drivers are more likely to violate right of way of B cars during left
turning. Therefore, side impact accidents could be effectively reduced with the installation of independent left-turn
signal.

Table 1 distribution of conflict modes (N=101)

UTYP 211 301 | 321
Accident Amount 24 77
Straight driving +
Left turning

211 _J 301 _J 321
L

Sketch lB A‘-E
- R R |

Most of the 77 accident cases with UTYP301 and 321 were caused by violating traffic signal. 34 cases (accounting
for 44%) took place at the intersections with at most three lanes in each direction. At small intersection drivers are
easier to lose vigilance, and the risk and severity of the side impact accidents could be increased by the
unintentional or intentional violation of traffic lights. Otherwise, greenbelt on city road, which might influence
driver’s visibility to the side, was proved to be one of the influencing factors in the 35 accident cases (accounting
for 45%). For the above two situations, IOV'®, which could provide effective conflict warning for driver, combined
with Intersection Braking System"! would contribute a lot to traffic safety at intersection. Meanwhile, regular safety
education for driver and proper design and maintenance of greenbelt are necessary as well.

Driving Direction Straight driving + Straight driving

Impacted Part

Side impact accidents could be divided into three types according to the different impacted parts'”’. The collision, in
which B-pillar is directly involved, is defined as middle-part-impact, while the collision in which B-pillar is not
directly involved is defined as front-part-impact or rear-part-impact as shown in Figure 3.

(a) Front-Part-Impact (b) Middle-Part-Impact (c) Rear-Part-Impact
Figure 3 classification of side impacted parts

The statistics show that the right-side struck cars accounted for about 61.6% of the total, while the left-side struck
cars accounted for 38.4%. The obvious difference between right and left side were mainly inluenced by the conflict
mode UTYP211, in which all target cars were right-side impacted. When the striking vehicle was passenger car,
SUV or van, the impacted part of the struck car concentrated mostly on front part (See Figure 4). When the striking
vehicle was bus or truck, the impacted part of the struck car concentrated mostly on middle part, which could be due
to the large width of bus and truck.



Rear-Part Middle-Part Front-Part

Passenger Car 27% ‘ 18% ‘ 55% ‘ 77
Van/SUV | 13% ‘ 26% ‘ 61% ‘23
Truck/Bus 24% ‘ 63% ‘ 13% ‘38

100%
Figure 4 distribution of impacted parts based on different striking vehicles (N=138)

54.5% of the middle-part-impact accidents occurred when the striking vehicle was heavy vehicle (truck or bus), and
in such accidents B-pillar was the main force-carrying component of the struck car. Improving the strength and
stiffness of B-pillar is an essential issue of vehicle safety in side impact.

Effective Impact Velocity

The effective impact velocity is defined as the value of the striking vehicle’s collision velocity in the y direction of
the struck car. The distribution of effective impact velocities in the sample cases is shown in Figure 5. It could be
found that side impact happened mostly with the effective impact velocity ranging from 45km/h to 60km/h, which
accounting for 28.7%, followed by the velocity categories of 30km/h to 45km/h and of 15km/h to 30km/h.
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Figure 5 distribution of effective impact velocities (N=108) *
*Annotation: The effective impact velocities of 30 cases in the sample were unconfirmed.
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In the Side Impact Regulations of China, the testing velocity is determined as 50km/h'”’. The coverage of this
velocity in the sample accident cases was 64%, while around 36% of the cases happened with the impact velocity
higher than 50km/h. Higher impact velocity could lead to more serious accident consequences (will be analyzed in
the following chapters). Therefore, side impact with high impact velocity deserves further attention.

Maximum Deformation of Struck Car

The maximum deformation of struck car mainly occurred at L2 and R2 in horizontal plane and LB and RB in
vertical plane of struck car, as is shown in Figure 6. The maximum deformation position of struck car is mainly due
to the impacted part and the structure and rigidity of the struck car in the accident. B2 region occupied 28.3% of the
maximum deformations in the sample accidents, highest among all the positions. It is noteworthy that chest and
abdomen of occupants are corresponded to B2 regions, which are the main impacted parts in Side Impact Test'”! as
well.
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Figure 6 distribution of struck cars’ maximum deformations (N=138)

According to the Side Impact Regulations of China!”, the test collision angle of side impact is 90 °.In this study the
collision angles in the sample accidents have been divided into 3 categories, 80°-100°, less than 80 ° and more than
100°. The category 80 °-100 °, which is corresponding to the test collision angle, accounted for aroud 49%.
Meanwhile, the accidents cases with the impact angle of less than 80° or more than 100° still accounted for about
40% in the sample data, as shown in Figure 7, which would be mainly due to the steering maneuver of driver for
collision avoidance before the impact and the influence of the conflict mode UTYP211. The oblique side impact
collision is not covered in the Side Impact Regulations of China yet. In oblique side impact collision the motion
response and the force direction of the struck car would be different, which could lead to sideslip, rotation and even
rollover of the struck car after the impact. Then the motion response of the occupants in the struck car would be
changed as well and different safety problems in side impact would be raised.

Uncertain

>100°

80° -100°

<80°
Figure 7 distribution of collision angles at struck car’s maximum deformation position (N=138)

The results in Figure 8 and Figure 9 show that the maximum deformations of the struck cars were mainly less than
30cm (71%), with an average value of 22.4cm. Only 7% of the maximum deformations were more than 50cm.
When the striking vehicle was passenger car, 62% of the maximum deformations were less than 20cm. When the
striking vehicle was van or SUV, 52% of the maximum deformations were between 20cm and 40cm. When the
striking vehicle was truck or bus, 39% of the maximum deformations were more than 40cm.
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Figure 8 frequency distribution of struck cars’ maximum deformations (N=120) *



Passenger Car 62% (44) 25% (18) 71 [ 0-20cm
[ ]20-40cm
13% (9)

[ ]>40em

Van/SUvV 38% (8) 52%(11) 21
10% (2)

Truck/Bus | 25%(7) | 36%(10) 39%(11) |28

T

Striking Vehicle 100%

Figure 9 distribution of struck cars’ maximum deformations based on different striking vehicles (N=120) *
*Annotation: The maximum deformations of 30 cases in the sample were unconfirmed.

Therefore, with the increase of striking vehicle’s height, width and weight, the maximum deformation of struck car
rose rapidly, i.e. more serious the accident consequence would be.

Table 2 distribution of struck cars’ maximum deformations based on different striking vehicles with
different effective impact velocities

0-30km/h | 30-50km/h | >S0kmyh | AYE Maximum
Deformations
Passenger Car 15.5cm 144 cm 24.8 cm 18.8 cm
Van/SUV 252 cm 18.8 cm 26.3 cm 22.4 cm
Truck/Bus 19.8 cm 33.6 cm 42.7 cm 34.1 cm
Total 18.3 cm 19.2 cm 28.6 cm 22.4 cm

On the other hand, with the increase of effective impact velocity, the maximum deformation of struck car rose
rapidly as well (See Table 2). When the striking vehicle was truck or bus and the effective impact velocity was more
than 50km/h, the maximum deformation reached to about 42.7cm, which was almost double of the overall average.

Injury
In the struck cars of the accident cases, the use rate of seat belt for driver was highest (25%) among all the occupant
positions, while that for front passenger took the second place (11%). No rear occupants were confirmed to be

belted (See Figure 10).
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° Driver Front Rear Rear Rear
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Figure 10 use of seat belt in struck car (N=209)

It is shown in Figure 11 that seat belt provided no definite protection for the occupants in struck car in side impact
according to the injury distributions of the front occupants. The serious injury and death rates of the belted
occupants and the unbelted occupants were similar.
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Figure 11 effect of seat belt in struck car based on front occupants (N=106)

Side airbag and inflatable curtain brought positive protection for the occupants in struck car, when the striking
vehicle was passenger car. As Figure 12 shows, the occupants without the protection of side airbag/inflatable curtain
in struck car were much more likely to get injured. Meanwhile there were no seriously or fatally injured occupants
with the protection of side airbag/inflatable curtain.

Striking Vehicle: Passenger Car Striking Vehicle: Truck/Bus
Side airbag/ [ ]Unknown

4 75% 25% pide curtain airbaggZ 33% 33% 17% |6 [ ]Not injured
included [ ] slightly injured

1712%  41% 21% Only front 78% o [l seriously injured
airbags , - Dead

T 6% 11%?
100% 100%

Figure 12 effect of airbag in struck car based on different striking vehicles (N=36)

However, when the striking vehicle was truck or bus, the protection of side airbag and inflatable curtain for the
occupants in struck car was restricted. The serious injury and death rates of the occupants with the protection of side
airbag/inflatable curtain were still very high. In the accidents stuck by heavy vehicle, occupants in struck car are
easy to be involved in multiple collisions. Side airbag and inflatable curtain could provide at most once protection
and could only protect the chest and abdomen of the occpuants. This protection seems to be not enough in such
situation.
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Figure 13 relationship between injury severity and near-side/far-side occupants in struck car (N=209)

Unknown Dead

It is defined that in left-side impact driver and left rear occupant in struck car are near-side occupants and in right-
side impact front passenger and right rear occupant in struck car are near-side occupants. The other occupants in
struck car are defined as far-side occupants. There were totally 88 near-side occupants and 121 far-side occupants,
as Figure 13 shows.



75% of the fatally injured occupants in the side impact accidents were near-side occupants. Near-side occupants are
seated close to the collision position and are much more likely to collide with door, window and interior of the
struck car directly and suffer more serious injuries.
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Figure 14 relationship between injury severity and seat positions in struck car (N=209)

The death rates of the rear left and rear right occupants in struck car were highest (14% and 13% respectively)
among all the positions (See Figure 14). Compared to the front seats, most of the struck cars were not equipped with
airbag at rear side seats. Meanwhile both of the rear side occupants are located at near-side positions and are very
easy to get injured. Therefore, the protection for rear side occupants in struck car need to be improved.

On the other hand, the non-injury rates of the rear middle occupants and the drivers were highest, accounting for
67% and 53% respectively (See Figure 14). Rear middle occupants were always seated between the rear side
occupants in the struck cars of the accident cases, which were the corresponding collision objects for the rear middle
occupants in side impact as well. The corresponding rear side occupants are less stiffer compared to car componets
and could work as a buffer during the collision, which would reduce the injury risk of the rear middle occupants.
The driver position in struck car was relatively safer as well, for the driver in struck car were usually protected with
restraint systems.
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Figure 15 relationship between impacted part and injury severity in struck car (N=209)

Compared to front- and rear-part-impact, the injury risk and serverity of middle-part-impact were much higher. The
injury risk of middle-part-impact reached to nearly 77% and the ratio of critical casualty consequences (serious
injury or death) in middle-part-impact hovered at 23% (See Figure 15).72% of the seriously injured or dead



occupants were involved in middle-part-impact. According to the previous analysis, these middle-part-impact
accidents, which led to serious accident consequences, were mostly struck by heavy vehile (bus or truck).
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Figure 16 relationship between striking vehicle and injury severity in struck car (N=209)

As is shown in Figure 16, the injury risk and serious injury/death rate reached to respectively 72% and 22%, when
the striking vehicle was heavy vehicle. 73% of the seriously injured or dead occupants were involved in this
situation.

It is clear that under the influence of heavy weight, high stiffness and large size of heavy vehicle, it would be very
difficult to prevent the occupants in struck car from injury, when struck by heavy vehicle. Therefore, it would be
necessary to aim to avoid such accidents from the perspective of accident avoidance technology, which could
fundamentally reduce the loss of such accidents.

Unkonown

Chest & Abdomen

Head & Neck

Figure 17 distribution of seriously injured parts of the occupants in struck car (N=22)

The distribution of occupants’ seriously injured parts in struck car is shown in Figure 17. Head and neck, followed
by chest and abdomen were the most prominent injured parts of the occupants in struck car in side impact, which
occupied narrowly 64% and 27% of the casualties. The main causes for these injuries could be the collisions
between occupant’s head and door or window of the struck car, and the collisions between occupant’s chest and
abdomen and the deformed door of the struck car. Side airbag and inflatable curtain could provide good protection
for head, neck, chest and abdomen of the occupants in side impact, which have been proved to be effective.



SUMMARY AND CONCLUSIONS

Through the in-depth accident research of 138 side impact cases, the objective characteristics of these
accidents could be obtained based on the impacted parts, the striking vehicles and the casualties of the
occupants. The results could be concluded as follows:

1. 89.1% of the side impact accidents happened at junction and the drivers’ violating traffic law was the
most common cause (accounting for 81.9%).

2. With the increase of effective impact velocity, the severity of accident consequence rose rapidly. 36%
of the side impact accident cases happened with more than 50km/h impact velocity. When the effective
impact velocity was more than 50km/h, the maximum deformation of the struck car reached to about
28.6cm. These side impact accidents with high effective impact velocity should not be ignored during
development process. Collision avoidance technology, such as Intersection Braking System, could
function in these situation throug the reduction of the striking vehicle’s velocity, to mitagate the severity of
the accident or even avoid the impact.

3. 27.5% of the side impact accidents were struck by heavy vehicle and these accidents usually brought
about serious accident consequences. In this situation the average deformation of the struck cars
reached to 34.1cm. Meanwhile the injury risk and the ratio of critical casualty consequence (serious
injury or death) reached to respectively 72% and 22%. It is clear that under the influence of heavy
weight, large rigidity and large size of heavy vehicle, it would be very difficult to prevent the
occupants in struck car (especially near-side occupants) from casualty, when struck by heavy vehicle.
The application of IOV, which help remind the drivers when conflicting with heavy vehicle, could make
a positive effect and fundamentally reduce the loss of such accidents.

4. Head and neck, followed by chest and abdomen were the most prominent injured parts of the
occupants in struck car in the side impact accidents, which occupied narrowly 64% and 27% of the
casualties. The main causes for these injuries could be the collisions between occupant’s head and door
or window of the struck car, and the collisions between occupant’s chest and abdomen and the
deformed door of the struck car. Side airbag and inflatable curtain could provide good protection for head,
neck, chest and abdomen of the occupants during side impact, which have been proved to be effective.
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ABSTRACT

Advanced seat belt reminder systems with audiovisual warnings have proven to be highly effective in increasing the belt
wearing rates of a vehicle's front seat occupants. While the availability of such advanced SBR systems for the front seats is
almost common in some markets and fast-growing in others, also thanks to NCAP incentives, the systems available on the
rear seats have so far only offered a basic functionality. In 2014, an upgraded SBR function entered the mass market, and the
world's first car with an advanced rear seat SBR system including occupant detection was launched on the Japanese market.
This vehicle, the Subaru LEVORG, offers an advanced audiovisual SBR warning for the rear outboard seating positions.
This advanced function is enabled by occupant detection sensors designed to detect human rear seat occupants, while being
robust against the detection of child restraint systems (CRS) or other objects frequently transported on a vehicle's rear seats.
The robustness of the occupant detection and the object non-detection has been tested extensively. Occupants shifted their
position forward and laterally away from the nominal seating position. A multitude of CRSs and objects were tested to
ensure that they do not trigger unnecessary warnings. Advanced rear seat SBR systems have the potential to significantly
increase the belt wearing rates, especially as those tend to be much lower on the rear than on the front seats in almost all
countries. As belt load limiters and belt tensioners are more and more available for the rear seats, the advanced SBR systems
ensure that more rear seat occupants will benefit from the restraint system enhancements.

INTRODUCTION

Seat belts have proven to be highly effective in reducing the likelihood of severe or fatal occupant injuries in
vehicle collisions. Additional technologies like seat belt tensioners and load limiters have helped to improve the
seat belt effectiveness and to reduce belt induced injuries to the chest area. Many people, however, do not
buckle up, for various reasons, often simply forgetting about it. Seat belt reminder (SBR) systems with
audiovisual warnings have proven to be highly effective in increasing the seat belt use. The number of unbelted
drivers is reduced by 80% in vehicles with advanced SBR systems meeting the Euro NCAP requirements [1].
For the front seat passengers the reminder effectiveness is comparable [2]. As seat belt reminders have such a
significant impact on the belt wearing rates, the large majority of NCAP programs have decided to introduce
incentives for front seat SBR systems into their rating. These incentives were very successful in motivating the
vehicle manufacturers worldwide to fit SBRs in an increasing number of vehicle models [3]. In addition to the
front seat SBR systems with audiovisual warnings, more simple systems had been developed for the rear seats,
providing the driver with visual information on the buckle status on the rear seats. However, the effectiveness of
those simple systems is limited as they are highly dependent on the driver response to the information. In 2014,
a first car with an advanced seat belt reminder system also providing an audiovisual warning to the rear seat
occupants entered the Japanese market. This paper describes the motivation behind this development, as well as
the challenges that had to be solved with regards to occupant detection on the rear seats.

MOTIVATION FOR ADVANCED REAR SEAT SBR

Subaru's roots go back to an aircraft manufacturer, so safety is one of the company's core values. In the domain
of active safety, Subaru has proven this philosophy with its award-winning EyeSight technology, which was the
first system ever to use only stereo camera technology to support functionalities like Adaptive Cruise Control,
Lane Departure Warning and Autonomous Emergency Braking.

But also in the area of passive safety, Subaru identified additional road safety potential, aiming to reduce the
number of vehicle occupant fatalities, namely by increasing the seat belt wearing rates on the rear seats.
Although belt usage on rear seats has been mandatory since 2008, the rear belt wearing rates tend to be low in
Japan, resulting in easily preventable occupant injuries and fatalities. Advanced seat belt reminder systems have
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proven to be effective in raising the belt wearing rates on the front seats, but no such system had ever been
implemented on a vehicle's rear seats. One key component for such a system, a rear seat occupant detection
sensor simply did not yet exist.

In a joint development effort, Subaru and sensing system specialist IEE created the world's first advanced rear
seat SBR system for a production vehicle, the Subaru LEVORG, launched in 2014. The expectation is that the
system will increase the belt wearing rates, thus reducing the number of injuries or fatalities in Subaru vehicles.

Rear Seat Belt Wearing Rates

Seat belt wearing rates on the rear seats are lower than those for the front seats in all countries for which data is
available. The reasons for this difference in belt usage behaviour are manifold, possible contributing factors are:
e rear seat occupants feel safer because of the backrest in front of them
e Dbelt usage on the rear seats was mandated much later than for the front seats, so fewer people have acquired
the habit to use the seat belt on the rear bench
e alower enforcement level by police, also because belt usage is more difficult to verify
unavailable or less effective seat belt reminders

Seat belt wearing data from Japan for front and rear seat vehicle occupants is shown in Figure 1 for the
time frame 2005 to 2014. It shows the data for public highways (cities and rural roads). Additional data had
been collected for express highways [4]. The belt wearing rates are highest for the driver (driver SBR fitment
has been mandatory in Japan since 2005), closely followed by the front passenger. Belt wearing rates for the
rear seat occupants are much lower, only about 1/3 (35.1 %) of the rear passengers buckle up on public
highways. On express highways the belt usage increases to 70.3%, but is still far below the front seat usage rates.
Seat belt usage on the rear seats was made mandatory in 2008, which explains the significant increase in the belt
wearing rate for that year.
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Figure 1. Seat belt wearing rates in Japan on public highways.

Rear seat belt usage in the US [5] is also lower than for the front seats, as shown in Figure 2. However, the

difference is less important than in Japan. At 75%, the rear seat belt wearing rate in the US is only about 10%
lower than the one for the front seats, while in Japan the rear seat usage rate is about 60% lower compared to the
front seats. However, it should be noted that front seat belt usage in Japan (driver 98%, front passenger 94%) is
about 10% higher than in the US (86%).
The US data also allows the analysis of rear seat belt usage by age group. The lowest belt wearing rate can be
found for the age group teenagers and young adults (age 16 — 24), where only 67% buckle up, compared to the
overall average of 75% belt users. The highest belt use can be found for children aged 8 to 15 (83%) and
occupants aged 70 and higher (80%).
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Figure 2. US seat belt wearing rates for front and rear seat occupants.

In Europe, large differences in rear seat belt usage can be found when comparing the different countries
[6]. While the belt wearing rates of the rear seat passengers tend to be high with more than 80% for the Western
and Northern European countries, much lower belt use is observed in most Eastern and Southern European
countries.

Table 1. Front and rear seat belt use rates for a selection of European countries.

Country Belt use - front seat Belt use - rear seat
Austria 89% 75%
Belgium 86% 80%
Czech Republic 97% 66%
France 98% 84%
Germany 98% 98%
Greece 71% 21%
Italy 60% 50%
Poland 80% 43%
Spain 91% 81%
UK 95% 89%

In Korea, belt usage on the rear seats is significantly lower than on the front seats [7]. Only 19% of the
rear seat occupants are belted, versus 84% of the front seat occupants.

Rear Seat SBR Effectiveness

The simple monitoring of the rear seat belt buckle status only allows for visual information to the driver and
optionally the rear seat passengers at vehicle start. A brief audible warning can only be triggered if there is a
"change of status", i.e. if a belted rear seat occupant unbuckles during the trip. The lack of a continuous audible
alert limits the effectiveness of those simple systems.

Very little data is available on the effectiveness of such SBR systems. In a comment to NHTSA in 2010 [8],
Volvo stated: "...Volvo surveyed Volvo owners in Sweden and Italy in 2005. The survey clearly demonstrated
that the belt usage rate in the rear seat, with the monitoring system as compared to without belt reminders, had
increased from around 60% to around 82%". This would correspond to a reminder effectiveness of
approximately 50%.

A laboratory study was conducted in Japan in 2012 [9], comparing the effect of various optical and audible SBR
warnings on the belt use of rear seat passengers. Table 2 summarises the most important study results. The
initial belt wearing rate without SBR warning was 38%. When an optical warning was only presented to the
driver, who then reminded the rear seat passengers, the belt use increased to 56%. When both, driver and rear
seat passengers were presented with an optical warning, the usage rose to 72%. And when an audiovisual
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warning was used, 97% of the rear seat passengers buckled-up. So audiovisual SBR warnings motivated up to
95% of the initially non-belted rear seat occupants to buckle up. For visual-only warnings the effectiveness was
limited to 50% (in line with the Volvo data above).

Table 2. Belt wearing rates for various SBR warning systems.

Rear seat passenger information
Ceiling icon, blinking | CCiling icon, blinking
No SBR . with frequency change,
. . with frequency change, . . .
information . . audible signal with
no audible signal
frequency change

No SBR information 38 % - -
[=}
. | Meter cluster icon,
< . . .
£ | blinking with )
& | frequency change, 36 % 2%
.2 | no audible signal
=
.QE) Meter cluster icon,
A | blinking with

frequency change, - - 97 %

audible signal with

frequency change

As the first vehicle with an advanced rear seat SBR system only entered the market in Japan in June 2014, no
field-data is available with regards to its effectiveness in increasing the belt wearing rates. But the laboratory
study indicates a clear trend with regards to the effectiveness of various warning strategies.

OCCUPANT DETECTION SENSOR DEVELOPMENT

Occupant detection on the rear seat can be achieved in principle in a similar way as on the front seat, a foil-
based pressure sensitive sensor, integrated between seat foam and trim, is activated by the occupant's weight.
However, some rear seat peculiarities have to be taken into consideration. The rear bench is often used to
transport various objects, child restraint systems (CRS) are predominantly installed there, and the backrest can
be folded down. For those scenarios sensor activation has to be prevented. In addition, the occupant himself
often has a higher freedom of movement on the rear seat compared with the front seat, due to missing or less
distinct side bolsters. Therefore sensor design and size have to be adapted to the specific rear bench needs.

Figure 3. Top view onto rear bench with occupant detection sensors on outboard positions.

A dedicated test matrix has been developed to ensure robust sensor performance for occupant detection and
object non-detection. Typically occupant detection has to be guaranteed for a 5% female, but also smaller
occupants like young teenagers can be taken into consideration. Occupancy detection tests are performed with
occupants of the specified size and weight. In addition to the nominal seating position, testing includes some
forward and lateral position shifts. Non-detection is among others tested with beverage packs, rice and potato
bags and a multitude of child restraint systems. In particular ISOFIX CRS with an integrated harness should not
actuate the sensor, as those don't require the 3-point seat belt of the car to fix the CRS or to secure the child.
Another non-detection test puts some weight onto the folded backrest to simulate a heavy trunk load.
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A rear seat specific sensor layout and an IEE patented interconnection of the sensor's pressure sensitive cells
allows the differentiation of the pressure profiles typically generated by humans from those generated by CRS
or other test matrix objects. Figure 4 shows pressure profiles of a 5% female and various CRS, recorded with a
high resolution pressure sensitive mat on a front passenger seat. The pressure distribution looks similar on the
outboard rear seats. Although CRS or other objects can also exercise some load on the area usually covered by a
human buttock, a smart senor design can almost entirely exclude unnecessary SBR warnings. For objects that
are heavy enough to nevertheless activate the sensor, it is recommended to secure them with the belt or to load
them into the trunk, as otherwise they are a potential danger for vehicle occupants if there is a crash.

Ty

Figure 4. High resolution pressure profiles of human and CRS on a vehicle seat.

The system integrated into the Subaru model "LEVORG" has occupant detection only on the outboard seating
positions. A system covering three positions on the rear bench is under development in order to cover all seating
positions with an advanced seat belt reminder function.

The current system has the sensors and buckles connected to the car's wire harness via cables and connectors.
For vehicles with highly flexible seat configurations or removable seats, a wired system layout could be
considered a limiting factor. Therefore a wireless prototype concept has been developed by IEE to address those
concerns. It is based on the same communication technology as currently used by tire pressure monitoring or
keyless-go systems. A serial feasibility evaluation for the wireless system, as well as other occupant detection
technologies that could be used for rear seat passenger detection, is currently under investigation.

EXISTING AND FUTURE NCAP INCENTIVES

NCAP star ratings for a vehicle only have real-life relevance if occupants are belted during a collision. A five
star car can only provide a "five star protection" if the occupants are buckled-up. That was the motivation for
many NCAP programs to promote effective seat belt reminder systems, with a focus for the front seats. Several
NCAP programs have now started to perform crash tests with adult dummies on the rear seats. One aim is to
motivate the vehicle manufacturers to make restraint system technology that's widely available for the front
seats, like belt tensioners and load limiters, also available on the rear seats in a larger number of vehicle models.
However, as for the front seats, the rear seat occupants can only benefit from those improved belt systems if
they are buckled up. Hence the NCAP programs have an increasing interest to promote more efficient SBR
systems for the rear seat, especially taking into consideration the generally lower belt wearing rates on the rear
compared to the front seats.

Japan NCAP

When Japan NCAP introduced an overall rating scheme in 2011, SBR points became part of the evaluation.
Since then, the overall rating score has been based on the sum of three elements: occupant protection (up to 100
points), pedestrian protection (up to 100 points) and seat belt reminder (up to four points for the front passenger
seat and up to four points for the rear seats) [10].

J-NCAP was the first NCAP program to create an incentive for advanced seat belt reminders on the rear seats.
Simple buckle monitoring only systems limited to telltale/display-type information are awarded with a
maximum of two points, with the score depending on display location and its visibility to the occupants. Two
additional points can be scored if the rear SBR alert includes an audible warning of at least 30 seconds. Such a
warning, however, can only be triggered if passenger presence information is available.

The Subaru LEVORG is the first car where such an advanced SBR functionality will be assessed for the rear
outboard seating positions, and it is expected to score between 3.0 and 3.33 points for the rear SBR system
(official results not yet published at paper deadline).
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Euro NCAP

Euro NCAP was the first NCAP to introduce SBR bonus points in 2002. Their SBR protocols evolved over time,
and currently two combined points are available for advanced SBR systems covering both front seats, and one
point for the buckle monitoring variant on the rear seats. The Euro NCAP protocol recommends occupant
detection on the rear seats, but does so far not require it.

In its "2020 Roadmap" [11] Euro NCAP announced to introduce incentives for advanced rear seat SBR systems
in 2018. Out of 2 points available for rear seat SBR, 1.5 points will be available for the buckle monitoring
function (all rear seats), and 0.5 point will be allocated to additional occupant detection covering the 2" row
outboard seating positions, enabling an advanced reminder function.

Australasia NCAP
Australasia NCAP has announced it will fully harmonise with the Euro NCAP rating from 2018 on, so advanced
rear seat SBR systems will become rating relevant in Australasia NCAP too.

Other NCAPs

Some NCAPs are now about to introduce incentives for the simple rear SBR systems into their rating (Korea
NCAP in 2015, ASEAN NCAP in 2017, Latin NCAP — year to be confirmed). It can be assumed that incentives
for more advanced systems will follow a couple of years later.

CONCLUSIONS AND RECOMMENDATIONS

The relatively simple rear seat SBR systems so far used in cars, warning only via telltale or text message, have a
limited effectiveness on increasing the belt wearing rate. Now the time has come to extend the concept of
advanced SBRs to the rear seats and to address the issue of occupant detection in an environment with a higher
variability than on the front seats.

Driven by Subaru's safety strategy and Japan NCAP incentives, a first vehicle model with an advanced rear seat
SBR system has entered the Japanese market. Occupant detection sensors, dealing with the specific needs of the
rear seat environment have been developed by IEE.

Although field data on the effectiveness of an advanced rear seat SBR system is not yet available, a laboratory
study on various rear seat SBR variants and the proven effectiveness for front seat occupants raise the
expectation that rear seat belt wearing rates, typically much lower than those for the front seats, can be increased
significantly.

And with NCAPs worldwide increasingly addressing the safety of rear seat occupants, it makes sense that they
also create incentives for systems that ensure high belt wearing rates for those occupants. Euro NCAP and
Australia NCAP will follow Japan NCAP, and start rewarding advanced rear seat SBR systems from 2018 on.
By achieving higher belt wearing rates in combination with improved rear seat restraint systems one can expect
to achieve additional road safety benefits in the future.
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ABSTRACT

Improvements to vehicle safety have targeted mainly the front seating positions, where the rate of seat belt usage
was high and there were many casualties. Recently, rear seat occupant protection become an important challenge,
with an increase in usage of seat belts by rear occupants due to new regulations and new performance criteria
defined by Japanese and European vehicle assessment programs for rear seating occupants. Some prior analyses of
accident data indicate that rear seat belted occupants tend to be injured in abdominal regions in comparison with
front seat occupants. Due to this, the need to study the cause of abdominal injuries and how to countermeasure it is
becoming indispensable for improving the protection performance of the rear seat occupants. The following two
phenomenons are considered as factors which great impacts on abdominal injuries: the submarining phenomenon,
lap belt intruding into abdominal region, and the incorrect routing of the belt, lap belt existing initially on abdominal
region. However, the relationship between these probable causes and the abdominal injuries in the real world
accident is not expressly described in prior studies. Therefore, first, the frequency of the abdominal injuries caused
by the submarining phenomenon was estimated by micro analysis of the accident data. Second, the influence on
abdominal internal organs, to which the lap belt load was applied, was analyzed using human body FE model
THUMS. The results of this analysis indicated that the effect might be applied to abdominal internal organs. As the
routing of the lap belt on the pelvis was shown as being very important in this study, a parametric study using
Madymo was conducted to determine additional factors that might influence the proper routing of the belt on pelvis.
This study narrowed down the factors with big contribution and explains how they were determined.

INTRODUCTION

Crash data analysis clearly shows that seat belt use has an unquestionable advantage in occupant protection. A 2003
NHTSA research [1] estimated that 147,246 occupant lives were saved by seat belt use through 1975 to 2001 in US.
The improvements of restraint systems such as seat belt and airbag has been pushed forward by changes in
regulation and assessment programs mainly for the front seating positions, where the rate of seat belt usage was high
and there were many casualties. In addition, requirements for improving the protection of rear seat occupants are
increasing recently. In Japan New Car Assessment Program (JNCAP), off-set deformable barrier (ODB) test with
Hybrid 111 5%ile female dummy in rear seat started in 2009, while seat belt wearing for rear seat occupants was
made mandatory by regulation in 2008 and usage rate is rising. [2][3] In addition, European New Car Assessment
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Programme (ENCAP) is conducting frontal full width rigid barrier (FWRB) test with Hybrid Il 5%ile female
dummy in rear seat starting with January 2015. Due to the above, rear seat occupant protection is being regarded as
more and more important.

R.Frampton et al. [4] reported that the abdominal injury risk for the rear seat occupants was higher than for front
seat occupants based on UK accident data analysis. Additionally, the report on injuries to older passengers by the
Institute for Traffic Accident Research and Data Analysis (ITARDA) [5] indicated that the rate of fatal and serious
injuries for rear occupants involving elderly is higher due to abdominal injuries. The following two phenomenons
are considered as factors which 1) submarining phenomenon, lap belt intruding into abdominal region, 2) belt
malpositioning, lap belt existing initially on abdominal region. In particular, INCAP and ENCAP put focus on the
submarining phenomenon; the score is reduced when submarining occurs in the above-mentioned ODB (JNCAP) or
FWRB (ENCAP) evaluations.[6][7]

However the above-mentioned accident data analysis [4][5] does not clearly refer to the relation between abdominal
injuries and submarining phenomenon by lap belt. An in-depth analysis about the abdominal organs injuries of
belted / non-belted front occupants by K. Ono et al.[8] also did not report any relationship. Due to this, the first
objective of this study is to estimate the occurrence frequency of the submarining phenomenon based on accident
data analysis and to simulate the severity to the abdominal organs when the submarining phenomenon occurs using
the human finite element model. Second objective is to examine the effective control scenario to reduce the
submarining phenomenon.

METHODS
Crash Data Analysis

The National Automotive Sampling System-Crashworthiness Data System (NASS-CDS) database was used to
estimate the frequency of the submarining phenomenon occurrence. In the analysis, 555 injury cases of belted rear
seat occupants were extracted from 2007 to 2011 (PDOF 11-1 o’clock).

Analysis of the influence on abdominal organs

A series of simulations using 50%ile male human finite element model, THUMS Version3, was conducted to
examine the influence to abdominal organs when the submarining phenomenon occurs. The severity of pressure to
the abdominal organs due to the position of the lap belt, which assumed submarining phenomenon and belt
malpositioning, was simulated and compared with the output of the lap belt worn appropriately. In this study, the
geometry, seat belt parameters and deceleration of 56km/h full width rigid barrier test of actual vehicle were used.
Abdominal organs deflection and deflection velocity were considered as characteristic indexes indicating the
severity. However, the deflection mode and the injury mechanism of the abdominal organs were different because
variation in structure (such as the solid and hollow). The characteristic value suitable for each internal organ was not
expressly shown as various studies on those injury mechanism might be ongoing. Therefore, this study adopted both
the deflection and the deflection velocity as the characteristic index.

Parametric Study for Submarining Performance

A parametric study using Madymo was conducted to narrow down the parameters with large impact to anti-
submarining performance and to clarify their proper design values. The angle between the belt-to-pelvis
(abbreviated BTP from now on) from the submarining phenomenon index used in the study of J. Horsch and W.
Hering [9] was used in this analysis. (Figure 1)
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The mechanism of the submarining phenomenon was based on the following hypothesis:

“The pelvis receives the torso internal force Fepes, the femur internal force Fremyr, the resistance force from the seat
cushion Fse, as well as the lap belt force Fge and moves forward with rotation. Due to this displacement of the
pelvis, the lap belt direction for the iliac spine changes. As this displacement increases, the BTP increases
counterclockwise and the force of the upper direction along the iliac spine increases. Due to the change in this load
distribution, it becomes very likely that the submarining phenomenon will occur.”

According to this hypothesis, “continuously maintaining a small BTP” is important to control the submarining
phenomenon. Therefore, the extraction of the factors that influence the change of lap belt angle 8 and iliac
perpendicular angle 6y, and the contribution degree of each factor were derived.

> lap belt force
: torso internal force
: femur internal force
: resistance from seat cushion
: lap belt angle for reference plane
- iliac perpendicular angle
for reference plane

;orvvard = BTP = 0p—6g

Figurel. Force acting on pelvis and BTP

RESULTS

Crash Data Analysis

According to the distribution ratio of the Abbreviated Injury Scale (AIS) from the extracted cases, 89% of the
injuries in the rear seat were minor injuries with an AIS 1; the reduced severity of the injuries was attributed to the
use of restraint system such as seat belt. This study researched the remaining 11% of AIS 2 and greater(AlS2+).

Injury source for the AIS2+ injuries in the rear seat (Figure 2a), injury description of the injuries by belt restraint
system (Figure 2b), the rate of the injured abdominal organs (Figure 2c) are illustrated in below Figure 2. Results
indicate that 28% of the injuries in the rear seat were caused by the belt restraint system, of which 34% were injuries
to the abdominal region. In addition, 65% of the injured abdominal organs were distributed in the lower abdomen
such as the intestine or the mesentery.

Middle-lower
65%

Spleen
7% =
N y
Liver 1
7% .

Figure 2a Figure 2b Figure 2¢ Figure 2d [10]

Figure 2. Injury source for the AIS2+ injuries in the rear seat (Figure 2a), Injury description of the injuries
by belt restraint system (Figure 2b), Rate of the injured abdominal organs (Figure 2c)
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Here, the micro-analysis of abdominal organs injury cases was researched to determine the relation between
abdominal injuries and the submarining phenomenon. Results indicate that 30% of the abdominal organs injury
cases were recieved abrasion and contusion to the hips by the belt restraint system. It was confirmed that the lap belt
was fitted on the iliac spine at the start of the crash event and it became very likely for the submarining phenomenon
to occur during the collision.

In four cases, rear seating occupants sustained the pelvic fractures with an AlS2 caused by the belt restraint system.
After further analyzing these four cases, three were specified the fracture point and one of them was fracture of the
anterior superior iliac spine on which the lap belt was fitted on; however, for this case, the cause of the fracture is
believed to not be due to high load from the lap belt due to a low barrier equivalent speed of 45km/h. Two of the
fractures were pelvic breaking away from iliac spine. From the collision velocity and involved region, it was
assumed that the fractures were partly due to a contact with the buckle, the seat, another interior part or an
unbalanced load by the vehicle behavior.

Analysis of the influence on abdominal organs

Vertical section views (in the initial stage of the restraint, in the maximum movement of the pelvis, and in the
rebound of the pelvis) of the lap belt fitting on the iliac spine properly or the abdomen, maximum amount of
abdomen deflection, and deflection velocity changes by time are illustrated in Figure 3. Here, the amount of
abdomen deflection and deflection velocity were calculated using two places, top and bottom, that assume a division
between spine and organs shown in vertical section views. This THUMS model used the abdominal organs model
which is united; the upper part is equivalent to the upper abdomen including the liver and the spleen, and the lower
part is equivalent to the lower abdomen including the intestine and the mesentery. Results indicate that the amount
of abdomen deflection and deflection velocity in fitting of the lap belt on the abdomen were higher in the lower
measurement part, equivalent to the lower abdomen, which has seen increased injury in the accident analysis
compared to the upper part. This result matched the actual accident situation in the real-world. The maximum
amount of abdomen deflection in fitting of the lap belt on the abdomen at the lower measurement part was increased
by approximately 3.4 times compared with fitting of the lap belt on the iliac spine properly. Additionally, abdomen
deflection velocity was increased by approximately 2.3 times. The above results showed that, when the lap belt was
fitted on the abdomen, the characteristic value of abdominal injuries increased. This confirms the uttermost
importance of properly routing the lap belt on the iliac spine in order to restrain the occupants properly.

Initial stage Maximum movement Rebound ré\ 30
On the iliac spine £ - = bottom
=
S, jmtop
5]
2
5 w0 /
h]
i —
1S
O 10 f
S
o
© 0
on the iliac spine on the abdomen

v . . .y -

N solid line : on the iliac spine
\ broken line : on the abdomen
\

\

deflection velocity

Time

Figure3. Vertical section views of fitting the lap belt on the iliac spine properly or the abdomen (Figure 3a),
maximum amount of abdomen deflection (Figure 3b), time change of deflection velocity (Figure 3c).
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Parameter Study of the Anti-Submarining phenomenon

The above analysis of abdominal injuries showed that the submarining phenomenon may cause a significant load to
the abdomen and it was also confirmed, by simulation, the importance of fitting the lap belt on the iliac spine.
Therefore, it is essential to improve the anti-submarining performance as much as possible.

At the beginning of the study, the factors impacting the lap belt angle 6 and the iliac perpendicular angle 6 were
selected as shown in Table 1 - seat belt specification, inner anchor point, seat cushion characteristic and front seat
position. In addition, the levels were set in realistic range applied to actual vehicle and provided in regulation.
Hybrid 111 5%ile female dummy model was used as this was considered to be worst case for the submarining
phenomenon because of its small pelvis. The initial sitting position and posture were neutral and the lap belt was
fitted on the iliac spine.

Figure 4 shows the contribution degree to BTP of each factor listed in Table 1. All factors had some contribution
degree to BTP, and it was confirmed to reduce the submarining phenomenon by proper parameter settings. In
particular, it was determined that the contribution degree of the inner anchor point (longitudinal) and the seat
cushion characteristic were particularly large.

Tablel.
Factor and Level 100 ¢
factor level 1 | level 2 | level 3

Seat Seat cushion o8 .

Resistance force || caracteristic Soft Hard l A
|

_Torso B |Shoulder Force limiter low middle | high N "

internal force

Femur C |Front seat position front | middle | rear £5 |

Internal force

Inner anchor point
(longitudinal)
Inner anchor point

forward | middle |rearward

Lap belt force [E (crosswise) inner | middle | outer 2
F [Inner length short | middle long
G [Lap force limiter low high

Figurd. Cause and effect diagram

Figure 5 shows the amount of BTP change (8BTP) during the crash event by changing the parameters of these two
main factors. This shows that higher anti-submarining performance is achieved by following two items: ensure the
initial relative angle by the front configuration of the inner anchor point, and reduce the relative angle change by the
effect of the seat cushion caracteristic controlling the forward and downward pelvis displacement. In addition, the
amount of BTP change (6BTP) was provided as the difference between the iliac perpendicular angle change (66p)
and the lap belt angle change (86g); however, the change of 36, was small and the change in 68z was big. This
confirmed that, in order to prevent the submarining phenomenon, the forward configuration of the inner anchor
point, to make the initial BTP smaller, and moreso the pelvis restraint to reduce the forward and downward
displacement during crash event were important.
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Figur5. BTP change (6BTP) by changing the parameters of the inner anchor point (forward / rearward)
and the seat cushion characteristic (Hard /Soft)

DISCUSSION

The accident analysis indicated that 65% of the injured abdominal organs were distributed in the lower abdomen
such as the intestine or the mesentery. According to the simulation used FEM, it was confirmed that the lap belt
positioned on the abdomen might be the cause for the large amount of deflection and deflection velocity, particularly
in the lower abdomen. The conclusion, based on the above, is that it is important to hold the lap belt on the pelvis in
order to reduce the load on the abdomen and prevent abdominal organs injuries. Although the combination of the
anterior arrangement of inner anchor point and the measures for reducing the forward and downward movement of
the pelvis described above are effective, the anterior arrangement is likely to increase the forward displacement of
the pelvis by restraint performance degradation of the lap belt. Due to this, changes to the BTP should be considered
but attention should be paid to the contradictory relationship with forward displacement suppression of the pelvis.
However, in this analysis conditions, the effect of the initial BTP was larger than the BTP change during crash event
and the most anterior arrangement, within the limit of regulation, was the optimum layout. Additionally, the
decrease of pelvis restraint performance leads to the increase of the inner belt load and may have an influence to
thoracic deflection. Therefore, it is necessary to design the proper location of the inner anchor in accordance with
the geometry of vehicles or the crash characteristic.
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LIMITATION

The above study of submarining phenomenon was intended for the occupant sitting in proper position and with
proper posture, but there may be various sitting conditions in the real-world. Research of sitting position and posture
in the rear seat of sedan and minivan was conducted using 50 subjects (age; 24-51, gender; 76% male / 24% female).
The results showed that the hip of 46% subjects were positioned in excess of 20mm forward compared to proper
position and 15% were positioned in excess of 60mm. Because it is thought that when the pelvis is positioned
forward, the lap belt will usually be fitted on the abdomen, it is important not only to sit down in a posture which
easily fits the lap belt on the pelvis as much as possible, but also to promote education for understanding the
importance of the correct use of seat belts.

As mentioned during the results of the accident analysis, the pelvic fractures are due to contact with the hard interior
or unbalanced load by the vehicle behavior. However, the investigation of McCalden et al. [11] indicate that the
breaking strain of the femur cortical bone decreases with age. Since the similar reduction can be considered against
the pelvis, it is necessary to control of the seat belt force in consideration of elderly.

CONCLUSIONS

The investigation into abdominal injuries due to the submarining phenomenon and the mesurements from this study
were carried out with the aim to further improve the protection performance of the rear seat occupant. The findings
of this study show that:

1. Accident analysis indicated that 65% of the injured abdominal organs were distributed in the lower abdomen such
as the intestine or the mesentery.

2. Simulation using human finite element model found that fitting the lap belt on the abdomen might cause the
abdominal injuries as the maximum amount of abdomen deflection was increased by approximately 3.4 times, and
abdomen deflection velocity was increased approximately by 2.3 times relative to properly fitting the lap belt on
the iliac spine. This confirmed that it is very important to route the lap belt on the pelvis in order to reduce the
load on the abdomen and prevent abdominal organs injuries.

3. To prevent the submarining phenomenon, the forward configuration of the inner anchor point, to make the initial
BTP smaller, and the countermeasure of increasing the restraint force of the pelvis to reduce the BTP change
during crash event are valid.

4. The forward configuration of the inner anchor point can cause side-effects which impacts the lap belt angle during
crash event or influence other injury values. Therefore, when designing the layout of the inner anchor point, the
confirmation and the optimization based on the geometry and the crash characteristic of the target vehicle should
be considered. And, in case of applying countermeasures to increase the restraint force of the pelvis, it is
necessary to consider the pelvic tolerance of vulnerable population, such as elderly.
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ABSTRACT

Although the Korea government promotes the movement of safe traffic to reduce deaths in traffic accidents, the
number increases every year.

Especially more and more accidents and casualties are reported from the cases of car collision to the back of the
vehicles parked for managing car accident on road, cleaning of main roads, side roads and medial strip, and road
repair.

Therefore, it has been along that the government should be responsible for taking a protective measure for road
users.

71 cases have been reported to occur during highway repair and maintenance. As the result, 8 were dead and 76
were injured, showing the death rate of 11.3%, which is quite high.

So it seems urgent to take some action against it.

America and European countries legislate that vehicles of road repair and maintenance should be mandatorily
equipped with shock absorber on car but our country lacks in a legislative measure, which is asked to be done.

Accordingly, this study compares the performance standards of shock absorber for road maintenance vehicle by
applying country to establish the criteria.

In addition, it tries to interpret in theory the Rear Safety Guard using Air Bag and compare the safety performance
test of a vehicle with the Rear Safety Guard manufactured in accordance with related laws and that using Air Bag.

Based on the result of the safety performance on the 60km/h Rear collision Test, this study proposes improvement
in related regulations and laws in an attempt to reduce collision and death by proposing the Traffic Injury Prevention
effect of the Rear Safety Guard using Air Bag.

INTRODUCTION

Deaths & casualties by vehicles are getting grow though government provide more developed safety standard in
order to reduce them.

Especially, rear-end collisions to the working trucks on the road, which are on cleaning road, treating accident
or road maintenance, cause fatal injuries.

That's why social responsibilities for them has been issued since long time ago.

For the last 10 years, 71 cases of rear-end collisions to the working trucks in the highway have incurred, of
which 8 persons were dead, 76 persons were injured, which shows remarkable 11.3% of death rate. Accordingly,
we need to take urgent measurement against them.

Especially, Under-ride accident, which means rear-end collision car burrow down beneath under working truck,
cause fatal influence to the passenger life.

Nowadays, it is compulsory to install Rear Safety Guard in order to prevent such under-ride accident.

It is possible to prevent under-ride accident if Rear Safety Guard is installed as per current installation intensity
standard. However, it regulates only shock absorption which may cause fatal shock to the passenger.

This Study issues necessity of regulation amendment to reduce passenger casualties and guides characteristics
of shock absorption Rear Safety Guard. In order to provide comparison data, we make use of both Airbag Rear
Safety Guard and the Conventional Rear Safety Guard in the performance test of rear collision with 60km/h
velocity.
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STRUCTURE OF REAR SAFETY GUARDAND THEORETICAL CONSIDERATION

Structure of Rear Safety Guard

Comparing structure of both Rear Safety Guards, the Conventional Rear Safety Guard has cross section of
quadrangle beam and Airbag Rear Safety Guard is consist of Control Case and Borer fixed bracket. Control
Case prevents rebound of rear-end collision vehicle with air occupied space using TPU (Thermoplastic

Polyurethane).

Therefore, difference between the both Rear Safety Guards is, the Conventional Rear Safety Guard has only
quadrangle beam to endure loading specified installation intensity by standard, however, Air bag Rear Safety
Guard consist of rear Bracket enduring loading specified by standard, at the same time, air in the TPU absorbing
Ist shock by TPU Elongation & Control case under low velocity and Borer absorbing 2nd shock by emitting air,

simultaneously, minimizing rebound of rear-end collision vehicle.

Air bag Crush Movement Theory

The follows theoretical formula becomes as follows

A body, which has mass m with initial velocity ~ ¢, drops toward an elastic body.

Assume that the deformation of an elastic body is one-dimension and the material is compressible in order to

make a formula for describing the moving of a colliding body.

O is true stress and € is true strain.

o= f(&), £=lni
lO

0 is the initial thickness of an elastic body, and llS the thickness after deformation.

F=0A=f(&)A

Volume changes after deformation because an elastic body is compressible

oA, = Al

& s the rate of volume, ~ 0 is the initial area of deformation, and A s the area after deformation.

l
If [,—l=x, then A=a—"—A,

ly—x
ly
F=aof(e) A
ly—x
Therefore, the momentum equation of the colliding body is
d’x !
m 2 = _Cy‘(g) g AO
dt ly—x
Considering the effect of gravity, the equation is as follows
d’x !
m——-=—0of (€) 0 — A, + mg Formula of(1)
dt [y —x

Two initial conditions are necessary to solve the above equation. In case of small deformation, we can rewrite

equation as
ly

ly—x

=]
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0 )EEi
[y —x l,

f(&)=Ee=EIn(

If we neglect the effect of gravity

d’x X
m—— = —oE— A Formula
dt l,

Formula of (2)

dx

If we solve the equation (2) with two initial conditions, x(0) =0 and d_ =V,
t

The formula becomes as follows

[ aEA
x(t) =V, ™o _ sin 0
oFEA, ml,

And equation (1) becomes

? E
F:mdjcz—VO ofma, sin
dt [

aEA, |
ml, b

m

Figure 1. F-t curve in the mass of the colliding body increase
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We can recognize that the relation between force and time is sine curve. Let us consider the effect of several
variables.

The more the mass of the colliding body increases, the more the magnitude of the force and the period increase.
When the elastic modulus increases, the force increases and the period become shorter.

When the initial velocity increases, the force increases, but the period stays same.

A body, which has mass m with initial velocity VO, drops toward an elastic body. Assume that the deformation
of an elastic body is one dimension and the material is compressible in order to make a formula for describing the
moving of a colliding body. o is true stress and ¢ is true strain drops toward an elastic body. Assume that the
deformation of an elastic body is one-dimension and the material is compressible in order to make a formula for
describing the moving.

The tensile strength of the thermoplastic polyurethane is 440 kgf/cm? and the tensile stress(at 300% elongation)
is 260 kgf/cm?.

TEST AND CONSIDERATION
Test Facility

Collision test facility strictly follows clause No. 102 evaluation on passenger protection at the time of collision
of Vehicle safety standard.
Towing collision test facility was made to test 60km/h velocity of collision.
Figurel, Figure2 shows collision test facility and test method respectively.
Test standard is Head-on center impact of Figure.2 (a).

Figure 4-(a). Cable Draw Type collision Test Equipment

"

Figured-(b).System diagram.
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(Note)

@Collision test facility for this Study
consists of fixed collision wall

@ Driving road

(3 Driving motor

@ Lighting facility

(® Data accumulator

® Control unit

]

T =
35 IR

(a) HeadOon Centre Impact

S0 =T

(b) Head-on, 1/3Vehicle

— et —(Ff (-
-T._t - . L=
1=

(c) Nosel/4 Offset, at 10°

Figure$. Test standard for crash absorption facilities

Testing

Collision testing This is to find shock absorption performance of the Conventional Rear Safety Guard and
mobility of rear-end collision vehicle at right after collision. We designed both types of Rear Safety Guard to meet

the conditions of rear-end collision vehicle. Table.1 shows types of test specimens for trial impact tests.

A kind of test specimens for trial impact test

Tablel

Specimens Section(size)

Conventional Rear

Safety Guard

Impact Steel Beam

NO.1

Steel Brackect
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Air Bag Rear
NO.2

Safety Guard

" Steel Structures

(Note) NO.1 : Steel impact beam + steel structure bracket
NO.2 : Air Bag impact cushion + Steelimpact structure + Steel structure bracket

The characteristics of respective tests are that fundamental structures of the both types of Rear Safety Guard are
same.

However, Airbag Rear Safety Guard is assembled by air injected airbag. Those airbag's material, size, pressure,
part price and weight are being studied through structure analysis and accurate testing.

Once it is accomplished, various types of products will be produced, which are able to meet each types of test.

Collision test Test performance of high speed rear-end collision tests follows American NCHRP Report 350
standard Shock Absorption Facility Test and U.K Design Manual for Roads and Bridges(TD49/07,Volume8
Section4, Part7), Requirements for Mounted collision Cushions standard. And 60km/h rear-end collision
performance test was done in order to find collision performance of the both types of Rear Safety Guard.

Ten (10) tons of truck manufactured in 2003 for test installed both types of Rear Safety Guards with its total
weight of 10,340kgs and midsized sedan of its weight of 10,340kgs was also used for rear-end collision vehicle.

The testing started that midsized sedan collided truck with Conventional Rear Safety Guard. After collision, its
Conventional Rear Safety Guard was replaced with Airbag Rear Safety Guard for retesting. Same collision test
method was applied to the Airbag Rear Safety Guard truck.

The test vehicle was installed with data accumulator inside test vehicle, acceleration meters at X,Y,Z axis and
yaw sensor.

Tape switch for lighting was installed to sense impact at collision point.

5001/s high speed digital camera and video camera installed at left, right and upper right in order to record
collision. Fig.3 shows collision test.

rear-end collision vehicle truck after collision

(a) Vehicle with conventional Rear Safety Guard of 10t Truck
[, e = — T

rear-end collision vehicle truck after collision
(b) Vehicle with air bag Rear Safety Guard of 10t Truck

Figure6. The scene of the car collision test ofRear Safety Guard for 10ton Truck.
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ANALYSIS AND CONSIDERATION

As follows Fig 7, Fig 8, Fig 9 Fig 10 showed that the 60km/h rear-end collision performance test results for
both types of Conventional Rear Safety Guard and Air Bag Rear Safety Guard.

This study practical use evaluation standards is THIV 44km//h, PHD 20g, ASI 1.9G

The analysis for passenger protection performance index data by 60km/h collision performance test shows, at
first, according to the test of Conventional Rear Safety Guard equipped truck, Yaw sensor detected data was
maximum of +112.5° at 0.23 second and minimum of -51° at 0.24 second, and, acceleration index (ASI) was
50msec at composition of x,y,z axis direction, it was maximum 1.3(G'S) at 0.1890 ~ 0.239 second according to
analysis result.

Theoretical Head Impact Velocity (THIV) shows 35.1km/h at 0.2149 second, which is synthesized value of x, y
axis, and Post-Impact Head Deceleration (PHD) shows 17.1(G'S) at 0.2269~0.2369second, which is 10m second
average synthesized value of X,y direction.

At second, in case Airbag Rear Safety Guard was installed, Yaw sensor detected data was maximum of -50° at
0.16 second and minimum of +19° at 0.45 second, and, Acceleration Severity Index (ASI) was 50msec at
composition of X, y, z axis direction, it was maximum 0.9(G'S) at 0.0199~0.0609 second according to analysis
result.

Theoretical Head Impact Velocity (THIV) shows 28.9km/h at 0.1269 second and Post-Impact Head
Deceleration (PHD) shows 8.4(G'S) at 0.1269~0.1369second.

As follow in brief for above mentioned test data.

The results of data analysis, in case of Conventional Rear Safety Guard, shows Yaw effect based on z axis
sharply rotate around 100~150° to the + direction at 0.15~ 0.25 second, however, in case of Airbag Rear Safety
Guard, it shows 11~50° to the - direction at 0.15~ 0.25 second.

Especially, in case of Conventional Rear Safety Guard, it absorb collision force 0.10~ 0.20 second after
collision, however, in case of Airbag Rear Safety Guard, it absorb whole collision force at the same time of
collision.

From the under-ride's view, in case of Conventional Rear Safety Guard, passenger may have severe casualty
because rear-end colliding car burrow down beneath under working truck, however, in case of Airbag Rear Safety
Guard, passenger may have much less casualty because collision absorption occurs at the early time of collision.

The current regulation on Rear Safety Guard specifies to certify structure rigidity through only component test,
which is revealed to be lack of prevention for the passenger casualties.

So, it is necessary to amend regulations on structure and test evaluation method of Rear Safety Guard because
Rear Safety Guard bracket structure rigidity should be improved to prevent submarine effect by under-rider at
collision.

Furthermore, there is no collision absorption performance standard.

So,we recognized that not only evaluation standards for injury THIV,PHD, ASI but also under ride situation
level is should be provision of safety regulation.
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Figure7-(a). YAW data-Conventional type installed
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CONCLUSIONS

We have considered the related regulation to improve Rear Safety Guard. And, the analysis results of 60km/h
rear-end collision performance test by installing both types of Rear Safety Guard are as follows.

1) Rear-end collision performance test of both types of Rear Safety Guard shows that Airbag Rear Safety Guard
inferior 12% of THIV, 49% of PHD and 69% of ASI to them of Conventional Rear Safety Guard.

2) Mobility of rear-end collision vehicle at collision shows that Airbag type of Rear Safety Guard equipped
vehicle less burrowed down beneath truck due to less Under-ride effect. Accordingly, airbag Rear Safety Guard
with polyurethane revealed to much reduce passenger casualty.

3) Rear-end collision vehicle equipped with Conventional Rear Safety Guard burrowed down beneath the truck
up to front window of rear-end collision vehicle because Conventional Rear Safety Guard couldn't absorb collision
force.

It means that it is difficult for Conventional Rear Safety Guard to prevent passenger casualty. Therefore,
structure rigidity and evaluation method for passenger casualty such as THIV, PHD and ASI should be improved
by adopting Truck Mounted Attenuator (TMA) evaluation method.

4) Need to provision that the under ride situation levels on Rear-end collision vehicle because of cause to
reduce deaths in traffic accidents,

5) We can recognize that Air Bag Truck Mounted Attenuator (TMA) is superiority absorbing performance
on collision base on the showed similar trend for the Air Bag Theoretical Formula and 60km/h rear-end collision
test result of complete vehicle attached Air Bag Truck Mounted Attenuator (TMA).

Hence, it is possible that reduce deaths traffic accidents on rear and the other dictions collision, in case of
the much more study to commercialize and improvement of quality for Air Bag Truck Mounted Attenuator
(TMA).
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ABSTRACT

Projects for the analysis of traffic accidents are focused mostly on personal damage. But analyses show that property damage
occurs 42 times more often than personal damage [4]. Officially registered accidents on German roads result in mere damage to
property (2.1 mio accidents [1]). A significantly higher number of property damage accidents are not reported to the police. Some
of which are reported to the insurers [2]. A significant number of minor damage does not appear in the statistics. According to [3]
the number of minor damage cases amounts to 4.8 mio cases per annum. 35% of full comprehensive cover accidents occur at low
speeds and pose a high potential for future advanced driver assistance systems (ADAS) [4]. Details of accidents involving minor
damage cannot be found in official statistics. In “In-Depth” property damage analysis, the conflict leading to damage is of high
relevance. Uncertainties need to be settled by means of an expansion of the existing accident conflict situations [4]. Currently,
equipment rates of ADAS are low requiring a purchase incentive for customers. Based on [5] this paper describes how damages
of vehicles can be classified and brought into relationship with ADAS functions and the vehicle itself. Various configurations and
different materials of outer attaching parts (OAP), e.g. aluminum, CFRP or plastics induce variable costs of repair. For a
prospective evaluation method of the monetary effect of ADAS it is necessary to know all influence parameters and to quantify
them. The evaluation of vehicle concepts in combination with an ADAS is possible.

Keywords: In-Depth Property Damage Analysis, Field Effectiveness, Prospective Evaluation, Property Damage Risk Function,
Accident Research.

INTRODUCTION

Accident research units mainly analyze accidents involving personal injury. Derived findings run in the
development of infrastructural arrangements or the vehicle safety. This has been mainly reflected in the
decreasing number of traffic fatalities during the last decades. An investigation shows [4] that just every fourth
of insurance cases of the property damage accident is reported officially. According to [3] the number of minor
damage cases which do not appear in statistics amounts to 4.8 mio cases per year. Hence property damage
occurs 42 times more often than personal damage. Official statistics only represent a fraction of real-world
accidents involving property damage.

Up to now there is no detailed analysis of the accident characteristics and causes of accidents in large scale
projects in the property damage field. Just pilot-studies like [4] deal with it. The objective is to make the
,blank spot“ on the accident scenario map disappear. Detailed information and knowledge about the
emergence of accidents and the underlying conflict scenario are very helpful for developing and designing
advanced driver assistance systems.

35% of full comprehensive cover accidents occur at low speeds and pose a very high potential for current and
future advanced driver assistance systems (ADAS) [4]. Currently, equipment rates of ADAS are low requiring
a purchase incentive for customers.

Safety systems are currently mainly intended for reduction of injury severity in accidents at high initial and
collision speeds, as for instance Adaptive Cruise Control with emergency brake function [6]. However, fitting
rates for such systems are small. Therefore, a purchasing incentive for the customer shall be established in
order to trigger a higher effect on traffic safety. However, this requires knowledge of the effectiveness of the
system prior to market introduction. Purchasing incentives for the customer can be saved repair costs or lower
insurance premiums. Hence systems would partly or fully pay off in the course of their service life.
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A retrospective effectiveness analysis of active systems is elaborate and time-consuming concerning the data
collection and because of the low fitting rates only viable over a long period of time (approx. 3 years).
Therefore a statement on the effectiveness of a system is only possible at a late stage after launch of sales.
Prospective analysis methods of ADAS in the field of property damage accidents are rarely available.

This paper presents based on the methodology for the prospective determination of field effectiveness of
ADAS focusing on the potential of reducing property damage accidents given in [5] a detailed evaluation of
damages. Various equipment configurations and different materials of OAPs have a big impact on the repair
costs. Furthermore the influence of the vehicle class has to be considered. An increasing number of automated
systems is expected in the course of the next years and especially in the low speed range these systems could
have a major influence on the number of occurring property damage accidents. Appropriate dimensions for the
evaluation and comparability of the changing repair costs are needed.

METHODS AND DATA SOURCES

For evaluating the benefit of ADAS in property damage accidents a systematic procedure like described in [5]. This
method consist of the main parts of data collection, reconstruction and new simulation of accidents and a Damage
Risk Function (SRF) for evaluating modified accident parameters.

The modified accident parameters are evaluated with the SRF. This function is build up modular for covering nearly
every individual accident. Vehicles are divided into damage segments: Front, fender, doors, side panel and rear.
Every area is related with components plugged in each.

Damage points and Matching coefficients

The resulting damage of a collision is reflected as a standard value in relation to the volume model of the respective
manufacturer. A standardized description of the damage allows a comparison over a long period of time. If the
resulting damage is currency related there would be no possibility to do a comparison many years later because
component costs and wages would have changed. A further reason for standardized representation is improved
comparability of vehicle models. Besides validity over a long period of time the evaluation of damages should also
be transferable to various models. In an identical damage scenario the resulting damage should be on the one hand
be comparable and on the other hand individual influence factors regarding the extent of damage have to be
considered.

These requirements can be achieved by means of the modular design of the SRF and using damage points (SP) as an
independent damage value (Eq. (1)).The volume model of the respective manufacturer serves as a basis. Total cost
of a repair consisting of component costs (ET), wages (LW) and paint-work costs (LACK) are under consideration.
For every single part the total costs of replacing are considered and subsequently divided by the basic factor a.

Besides the complete replacement of components repair procedures like smart repair, paint work and removal of
dents can be considered. The depth and surface area of the deformation are the main factors for the determination of
the repair method.

ETi+ AW;+ LACK;
a

SP; = eV

Mainly the OAPs are considered here since it can be assumed that in the low speed range without personal damage
no significant structural elements are damaged. This was derived in other studies of [5].

The generated damage points are identical for each vehicle model in order to ensure comparability of components.
Different materials of components, equipment speciation of vehicles and various vehicle classes have to be
evaluated the same way. Therefore matching coefficients are necessary (Table 1). These coefficients are separated
into different influence parameters as can be seen in the first column. The coefficients show the ratio of different
prices of repair costs for different parts and vehicles. An estimator tool was used to determine repair costs.
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Tablel.

Specifications of matching coefficients

Influence-parameter Symbol Example
. small car, compact car, medium-sized vehicle, upper
Vehicle class Betas middle-sized Vghicle, luxury class vehicle P
Light Blisht Xenon-, LED- or laser-headlights
Material B material aluminum, CFRP or plastic
Dynamic Design packet Bdynamic S-Line, M-packet, AMG- packets
Alloy rim size Brims 15¢, 16, 17¢, 18%, 19, 20, 21*
Type of varnish Barnish solid paint or special painting
Layout ADAS B apas ACC with one or two sensors

For example if there is a damage on the right front edge all damage points of the components are taken into account.
If the vehicle class is higher than the volume model, the material of the engine hood and the front fender have
changed and also the technology of the headlights is a different one. The coefficients for class, light and material
have to be multiplied to the individual damage points and are called damage units.

Figure 1 gives an overview over the range of the matching coefficients. This method can be applied for all
manufacturers and would therefore provide a comparison option for damage scenarios.

————————
low

configuration

Grey = area of
evaluation with Bi

lower vehicle
class

top selling
model (middle
clsss)

higher vehicle
class

high
configuration

Figurel. Matrix of matching coefficients

Damage units and real world repair costs

The given example shows that a lot of different influence factors to the extent of damage have to be considered.
Damage points derived for the volume model are calculated individually for each vehicle by means of the matching
factors. Equation (2) shows the calculation of damage units (SE) of an individual component.

SE; = SP; 1% Br

()

m,n € {class, light, material, rims, dynamic, varnish, ADAS}
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In the most cases of an accident many components at once are damaged. Equation (3) contains all affected
parts

SE sum of external components — Z{ (SPI. H? ﬁn) (3)

In addition, there are basic costs which are identical for every repair job as for instance varnish preparation if paint
work is required. The damage points and the damage units for the varnish-preparation are equal because there is no
difference between various vehicle-models. They can be added to the total sum of damage units (Eq. (4)).

SE all = SEsum of external components + SEvarnish prep (4)

The back calculation to the damage extent in the used currency can be ensured all time. Therefore the sum of
damage units including the varnish preparation is multiplied with the basic factor a (Eq. (5)). In the course of
time only the basic factor has to be adjusted for considering changing prices.

SH = SEgza  (5)

On the basis of this methodology it is possible to evaluate future vehicle concept without knowing the exact
component costs. Only the vehicle class and the used materials have to be known for calculating the expected repair
costs. The repair costs are in the first instance interesting for insurers.

The methodology of damage points and damage units facilitates a separate consideration: The ADAS can
reduce damage points, the reduced damage points have vehicle individual impact on the resulting damage
units. Both dimensions are referred to the basic factor.

Property Damage Risk Score

According to [7] risk is the combination of damage extent and the probability of occurrence. Using an overall
statistical relevant damage frequency distribution like DEKRA, GIDAS or AZT can provide it, a basic risk can be
calculated. If available even for different classes of vehicles. These information can be used in combination with
vehicle specific information about materials of components and equipment. A property damage risk score (SSR
score) can be calculated due to summing up all products of damage units and frequency in all damage segments
around the vehicle (Eq. (6)).

SSR = Z{(SPI' ’ H;’qn Bn 'pdamage,i) (6

In application of the SSR Score a distinction between the upper and the lower SSR score. The difference between is
the considered extent of damaged components. The lower SSR score considers bumpers, fenders, doors and side
panel. The upper SSR score considers in addition lights on front and rear, ADAS sensors as well as front and boot
lid. Therefore an interval between minor loss and bodily injury can be defined. A multiplication of these intervals
with the annually expected damage frequencies a monetary potential of ADAS can be defined.

Based on this intervals a risk label is derived. It is divided in eight categories from A to H. In the categories from F
to H a progressive rise is visible whereas the categories A to E show a linear rise. This is necessary because the rise
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in repair costs for complex technologies like laser light or extreme lightweight constructions cannot be represented
in a linear scale. Table 2 shows the intervals and the according risk labels.

Table2.
Risk classification by means of property damage risk score (SSR)
. lower boundary property damage upper boundary property damage
risk label . .
risk score (SSRy) risk score (SSRy)

A >0 40

B >40 80

C >80 120

D >120 160

E > 160 200

F > 200 280

G > 280 400

H > 400

A risk classification of vehicles has to be conducted because resulting repair costs in property damage accidents
depend significantly of the equipment of the vehicles and the materials of the OAPs. Based on the findings in the
risk classification an investment strategy could be derived how a vehicle should be protected by systems to achieve a
good risk label. In order to achieve a positive effect on damage requirement there are two options: either reduction
of frequency or reduction of damage extent. In both options ADAS functions can be a big advantage with a direct
derive of a cost-benefit ratio.

RESULTS

The most interesting thing of the evaluation method is the possibility to evaluate future vehicle concepts. A
distribution of damage frequencies can be taken from a precursor or comparable model of a competitor.

The used material for OPSs is one of the main influence on the SSR score. Like Table 3 shows the influence of
materials based on a middle class vehicle with OAPs of steel and a plastic bumper (ranking C). The adjustment to
aluminum parts shows a little higher risk score but is in general a damage neutral possibility to use lightweight
OAPs.

A complete change to CFRP parts results in a D label. This corresponds the risk score of a high class vehicle with
aluminum structure and OAPs. An exact weighing up of the advantages of CFRP parts has to be done meticulous.
There is a high potential for lightweight but also economical disadvantages.

Plastic OAPs lower down the SSR score and yield an B label. Additionally plastic parts can be brought to the
workshop undercoat-varnished resulting in a shorter immobilization time of the vehicle and therefore lower
cancelation expenses for customer and insurer.

Table 4 gives a overview of the influence regarding the light technology. This is the most considerabe factor. The
reference model is equipped with a halogen headlight. Using xenon headlights increases the SSR score for 10%,
LED for 38% and using laser-lights would be an increase of 129%. Damaging headlights causes high repair costs
and additionally headlights have a very exposed position in case of a crash.

Table3.
Influence of material of OAPs

middle class vehicle steel aluminum CFRP plastics
lower SSR score 49 50 100 40

upper SSR score 83 86 156 67

risk label C C D B
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Tabled4.
Influence of headlight technology

middle class vehicle halogen Xxenon LED laser
upper SSR score 83 91 115 191

relative change - +10% +38% +129%

risk label C C C E

The fitting position of ADAS sensors has also a high influence on the resulting risk score. For example the use of
two radar sensors causes an increase of 34% compared to the reference vehicle without any sensors.

A minor influence can be found regarding alloy rims. Up to 19° there is just a little increase. Using 20°‘ rims and
higher there is an bigger influence because of the higher renewal costs.

Nearly every component brings a rise of the SSR score. Just plastic OAPs have a positive effect. ADAS functions
therefore have to compensate this effect due to an active intervention for mitigating or avoiding a collision. This will
be analyzed in further work.

DISCUSSION AND LIMITATION

For validation of the systematic of damage points and matching coefficients real damage cases were taken into
account and compered with the results out of the damage unit calculation. All considered cases of losses were taken
out of the accident type extension analyzed in [4] and [5]. In every case damaged parts, manufacturer and model of
vehicle, at hand ADAS and repair costs are known. Constitutive to this information the damage extent in damage
units is calculated depending on vehicle class, materials and equipment options. The resulting damage is compared
to the estimated damage of authorized experts.

Figure 2 shows the comparison of the resulting damage extents in motor-own-damage cases. The square shapes
represent the findings of experts, the triangular shapes the ones of the described systematic. The dotted lines
represent an equivalent SSR-score. In this figure the frequency and the specific scenarios are from no importance the
interesting point is the deviation of the square and triangular shape.

The averaged deviation between the two different approaches is 2.9 percent. 64.1 percent of the analyzed cases were
calculated directly under the assumption only to change OAPs. The amount of cases repaired by smart repair or
repair varnish is 15.4 percent. In 20.5 percent of the cases slight structural damages occurred.
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Figure2. Validating the system of damage units (SE)
The systematic of damage points and damage units is suitable for model and manufacturer independent calculation

of repair damages in property damage accidents. The damage extent is given well in the retrospective consideration.
The methodology is based on one manufacturer and on a limited number of vehicle models. However, the validation
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shows the permissibility of assumptions und the transferability to other manufacturers and car models. The only
larger deviation occurs in evaluating SUVs and high price models.

A use of the systematic for evaluating vehicles according to their class, materials and equipment in combination
with an ADAS is possible and can be done while the development phase.

The methodology of evaluating the effectiveness of ADAS in property damage accidents should not serve as a new
consultant-tool, but as a means to classify effects on vehicle damage in accident research. Up to now the
methodology works for minor deformation depths which are very common in property damage accidents.

CONCLUSIONS

In property damage different characteristics of accidents appear compared to personal damage [4]. Main
influence parameters regarding the occurring repair costs are beside the deformation area and deformation
dimensions the material of OAPs and the equipment of the vehicle.

ADAS with fully automated intervening functions have influence on property damage scenarios in the low
speed range. The material and the configuration of vehicles have influence on the resulting damage in an
accident. The procedure outlined here is a passible approach for evaluating damages of vehicles in the low
speed range and compare them to other configurations in combination with an ADAS. This serves as a
prospective method for deriving the customer value of systems and functions. Effectiveness of a system is
stated in property points and individually calculated for vehicles in damage units. A validation of the
systematics could have been shown by means of real world damage data.

More and more automated driving functions become of increasing importance in the driver assistance sector. If
the frequency of various conflict scenarios in which an assistance system may intervene, it is possible to create
a corresponding damage prevention or reduction potential of systems.

A bottom-up approach is pursued which allows an increase in system installation rates having a high impact on
cost advantage as to damage reduction and prevention in the low speed range. Driver assistance systems which
exhibit reliable function in the low speed range require high-end sensors. These sensors may also be utilized
for further safety functions beyond parking and maneuvering actions and thus may significantly reduce
accident numbers in a long term.

Accident research units, insurers and associations have to come to an arrangement of harmonized variables
which are imposed similarly. This ensures that each other can benefit from the insights. If there is a proof of
the benefit of an ADAS a purchase incentive for the customer can be created. A basic precondition for this is
in-depth knowledge of property damage scenarios [4].
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ABSTRACT

Frontal collisions between cars and trucks lead to high fatality rate of the car driver. Therefore the Japanese
road administration established a directive, conformity to ECE-R.93 (2000/40/EC), compulsory since
September 1st, 2011. As known, this directive describes a ‘rigid” Front Underrun Protection (FUP) device
installed on a truck. New developments are in the direction of energy absorbing devices in order to manage
more severe impacts between both vehicles. The question is how to estimate the effectiveness of these devices.

Using a virtual car fleet, the effect of different FUP devices installed on or integrated with a truck front end
can be estimated by simulation, in terms of injury severity and crash severity. The relationship between both
makes it possible to estimate injury severity via crash severity. By transferring injury severity to AIS scale and
fatality rate, a coupling can be made with real accidents and their effects on injuries. The other subject is to
indicate the car severity by replacing a specific car fleet to a general device, in order to simplify the evaluation.
The paper shows the steps from the simulations, to the analyses and simplifications, transfer to AIS scale and
mapping on the real accident database, to predict the reduction of fatalities by using different types of energy
absorbing FUPs (e.a.FUP).

In order to represent the car fleet, the Moving Progressive Deformable Barrier (MPDB) was selected. The
MPDB was modelled to collide to a truck with an e.a.FUP. By this method, number of fatalities, or fatality
reduction rate of the car for a certain e.a.FUP was estimated from the MPDB crash severity.

The processes in this study are based on simulations and accident investigation and analysis. The vehicle
models used in the simulations are mainly validated on NCAP frontal impact tests. Some cars were validated at
higher speeds, up to 90 km/h.

In this paper the prediction of injury levels is only based on the HIC to show the concept/principle of the
method, but the method can be extended with other injury parameters.

The method described in this paper uses the Acceleration Severity Index (ASI) of a car-to-truck frontal
collision in order to determine the probability of injury and fatalities. It uses AIS scaling and mapping on a
matrix of relevant car to truck accidents. This simplified method can be applied to predict the e.a. FUP
effectiveness in terms of injury reduction, and especially the fatality reduction.
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INTRODUCTION AND METHODOLOGY

New designs of safety structures need intensive testing and assessment before being realized and installed on
vehicles on the road. However, the development of a realistic test setup is often a problem. Another problem is to
find a way to value the usefulness and impact of the design on the society. In a previous paper [1] ways to test these
structures, i.e. energy absorbing truck front underrun protection devices, were indicated. It was also suggested to use
a generic test device instead of passenger cars with dummies for the final evaluation and assessment of newly
designed truck front structures, and in particular an energy absorbing front underrun device. Using crash severity
and accident severity information, the effect of a new design truck front structure can be estimated in terms of
fatality reduction (See Figure 1).
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Figure 1. General concept of estimating FUP effectiveness

A similar idea but slightly different in implementation is given in [12]. The first steps to realize the above concept
were made in [1]. In brief it boils down to the following. Based on accident investigation, vehicle registration and
available test data a car fleet was selected and modelled. Also a ‘standard set of FUP devices was defined, consisting
of one ‘rigid’FUP (fulfilling legal requirements) and 2 sets of 4 energy absorbing FUPs. Simulations of car-to-truck
frontal collisions were carried out taking into account various accident parameters like relative speed and offset.
This resulted in information about crash severity and injury severity. It appeared that a correlation can be indicated
between the ASI and several injury parameters, like Head3msG, HIC, Thorax3msG, Chest deflection and
Pelvis3msG. It also appeared that injury limit values for these injury parameters (e.g. HIC 1000) show an ASI
limit value of 3 on an exponential curve. This process is visualized in the blue box, Figure 2-I.
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Figure 2: Outline of the method
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The green box (Figure 2-II) shows how injury severity is transferred to Abbreviated Injury and subsequently to a
Fatality Rate, which allows to transform the individual simulation data (Figure 2-1, blue box) to individual fatality
data (Figure 2-II, green box). The next step is to associate this information with the information from accident data
and fatality numbers (Figure 2-I11, red box), resulting in a relationship between accident severity (CAR-ASI) and
fatality numbers / fatality reduction rate (Figure 2-IV). In another line (bottom of Figure 2-I) the same batch of
simulations is applied using a generic test device (MPDB) leading to a similar relationship between accident severity
(MPDB-ASI) and the same fatality numbers / fatality reduction rate (Figure 2-IV). The relationship between CAR-
ASI and MPDB-ASI will be shown in this paper, as well as the description of the consecutive steps mentioned
above, starting with the green box.

HIC TO FATALITY RATE

For the quantification of occupant head injury (HIC), the Abbreviated Injury Scale (AIS) is used. Formulas for
the HIC versus injury probability for the 6 AIS+ levels are given in [5]. In a similar way as described in [3],
the correlation between HIC and AIS can be developed (See Figure 3). Combining this figure with the AIS 6
(fatal) curve, the probability of fatality can be determined (See Figure 2-1I and Table 1). The probability of
fatality is used to transform all injury data from the simulations to a fatality rate for the individual simulated
accident cases (See Figure 2-II, bottom picture in green box).

0

0 500

HIC

1000 1500 2000 2500 3000

Figure 3: HIC-AIS relationship (trendline red)

Table 1. Relationship between AIS, HIC and fatality rate

AIS 1 2 3 4 5 6
HIC 0 329 798 1267 1736 2206 2675
1032 ~ 1502 ~ 1971 ~
HIC range ~93 94 ~562 | 563 ~ 1031 1501 1970 2439 2440 ~
Fz;t:tl;ty 0,00% 0,00% 0,03% 0,53% 7,28% 53,28% 94,26%
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STATISTICS

The road vehicle registration database provides information about the amount of vehicles in different classes
on the road. The traffic accident database provides information about the vehicle types involved in accidents
and global information about collision type and injury. From in-depth accident analysis, more specific
information on type of accident, speed and injury are known and can be rated in more detail.

Car distribution in car-to-truck head-on accidents

From the national accident database (2007 — 2011) [8] the representation of vehicles involved in car-to-truck
head-on accidents can be obtained. As a standard for this database, the following classes have been defined:
Ultra mini passenger car, ultra mini non passenger car, Sedan 1, Sedan 2, Mini vans, 1 box vehicles, SUV. In
Figure 2-III the distribution of the cars in the different classes is shown. In the current study, however, another
class definition was adopted: Ultra mini, Super mini, Small family, Saloon, SUV. This definition is more or
less based on the one used by Euro NCAP. These vehicles represent 77% of the total registered cars. The
numbers of vehicles in the 5 classes has been extrapolated to sum up to 100%.

Truck data

In the national accident database [8] most of the trucks were not supplied with a FUP (compulsory from
September 2011 on new trucks). In the current paper it is assumed that trucks are fitted at least with a rigid
FUP for determining the fatalities in these accidents. Therefore corrections were made on the number of
fatalities, based on a study described in [4].

Relative speed

In the national accident database the traveling speeds of car and truck in the accidents is available. The relative
or closing speed, however, is always lower than the sum of both speeds (braking). In this paper the relative
speed is determined on the basis of an internal study by ISUZU. The distribution of the relative speed is shown
in Figure 2-III. The relative speed concentration is around 80-100 km/h.

Offset distribution

From in-depth studies of special cases in the national accident database the offset distribution is estimated (See
Figure 2-III). Especially in the high offset range this estimation is not always very precise. Offsets between
60% and inline can be everywhere in this range. Offsets collisions lower than 30% may result in a different
event: the vehicle slides off instead of crashes into the truck front. Together with the offset limitation caused
by the PDB width, the offsets in this paper range from 30% to 60%.

NUMBER OF FATALITIES AND FATALITY RATE

From the national accident database a total number of 433 fatalities in car-to-truck head-on collisions in the
period 2007 — 2011 could be subtracted. From this number of 433, 53 cases were selected for in-depth analysis.
The analysis resulted in allocation of these fatalities in the above mentioned categories of vehicle class,
relative speed and offset. With this classification, including all 433 fatalities, and using the fatality rate with
AIS score, a number of fatalities could be associated with each type of collision. This resulted in the graph of
Figure 4. Taking the number of fatalities using a rigid FUP as the standard, a fatality reduction rate can be
determined along the vertical axis of this graph, ranging from 0% (FUP performance identical to rigid FUP) to
~60% (FUP performance better than rigid FUP).

It should be noted that the trendlines for the 5 selected vehicles almost have similar slopes. This means that it
does not matter which trendline is used to determine the amount of reduction.
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Figure 4: Car-ASI versus Number of Fatalities and versus Fatality Reduction Rate for the vehicle fleet

MOVING PROGRESSIVE DEFORMABLE BARRIER

The assessment of an energy absorbing front underrun protection device in terms of fatality reduction can be
done by using a passenger car with dummies in a car-to-truck frontal collision. Instead, a Moving Progressive
Deformable Barrier (MPDB) will be used for simplicity reasons, cost reduction and generalization. The MPDB
was investigated within the FIMCAR project [11] in frontal offset car-to-MPDB collisions with the purpose of
assessing self-protection and partner protection of passenger cars. Focusing on partner protection, the MPDB
may be used in frontal offset MPDB-to-truck tests. The MPDB is then used as a loading device, replacing the
impacting passenger car. Based on the results, a statement can be given on crash severity, injuries to
passengers and the compatibility of the e.a.FUP and the passenger car’s front structure.

New PDB

The geometrical conformity between a MPDB (Progressive Deformable Barrier installed on a trolley) and a
passenger car and between a MPDB and a truck is shown in Figures 5a and 5b.

Figure 5a: Car front versus MPDB Figure 5b: Truck front versus MPDB
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The size of the PDB [10] (especially the height) is hardly of influence on the outcome of the test with the passenger
car. However, in a test with a truck the upper part of the PDB may contact the stiff longitudinal members, tilt
mechanism or cabin floor. This will not happen in a car-to-truck collision, or at least at a much later stage. The
current size of PDB may lead to incomplete contact between the PDB lower part and the e.a.FUP. Therefore the
conditions of a resized PDB have been evaluated, in such a way that they do not affect the current stiffness
properties of the PDB.

The misalignments of the PDB have also been recognized in other research [6]. In relation with a truck front end, a
number of modifications are suggested. The current height of the (M)PDB (700mm + 150mm ground clearance)
might not be realistic for interaction with trucks. In [6] suggestions for adjustments and tests are made, see Figure
6a.

From studies by GRSP ECE-TRANS-WP29-GRSP-2007-17¢ and VC-COMPAT [9], this barrier front face includes
nearly all stiff structural components of a selection of passenger cars. The depth of the barrier, especially with the
stiff 90mm honeycomb at the back, is adequate for impacts with passenger cars, due to the load spreading capability
in the car front structure. When impacting a truck front structure with mainly a FUP beam, this may lead to
bottoming out of the barrier. Therefore the bumper structure from the Offset Deformable Barrier (ODB) was used on
the PDB (See Figure 6b) to spread the local load from a single FUP beam into the PDB.

Original PDB ADAC adjusted PDB
133

T 233

T 100

700

&0 467

l 467

150 J 150

Figure 6a: Original and alternative front of PDB Figure 6b: Alternative PDB front with bumper

It is clear that the bumper structure does not allow aggressiveness assessment according to the standard PDB
protocol. However, the modified PDB reflects better the load spreading by an average passenger car.

Regarding the width of the PDB, the MPDB-to-truck collision with the current barrier width of 1m limits the overlap
of the car by approx. 60%. (see Figure 7). So higher overlaps and in-line collisions can not be tested in this way.

Figure 7: Overlap of passenger car and MPDB
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MPDB simulations and ASI comparison

Using the modified PDB, a batch of simulations was carried out. The parameters relative speed, offset and FUP
type were varied. The results of these simulations produced an accident severity value ASI for each case.
Combining these MPDB-ASI values with the CAR-ASI values obtained from the batch of car simulations, the
graphs of Figure 8 can be composed. It appears that a linear relationship can be indicated between car and
MPDB ASI.

A linear relationship allows a transformation from the Fatality Reduction vs CAR-ASI graph to the same graph
with the MPDB-ASI on the horizontal axis.
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Figure 8: Relationship between CAR-ASI and MPDB-ASI

SELECTION OF TYPICAL ACCIDENT

In order to estimate the effectiveness of a new FUP design, in terms of fatality reduction, relative to a legal rigid
FUP, many simulations can be carried out and studied. These include ranges of relative speeds and offsets. From the
accident investigations it appears that most accidents and fatalities occur in a speed range of 80-100 km/h. Collisions
with relative speeds up to 90 km/h show that damage to the vehicles is large and that the energy absorbing
capabilities of the vehicles are fairly to fully utilized. The offset concentration is around 40-50%. Close to 30% may
lead to different impact behavior. Therefore a typical accident is chosen with relative speed of 80 km/h and 50%
offset.

EVALUATION NEW FUP DESIGN

The introduction of a rigid FUP on new trucks by enforcement through rule making is a very good step to reduce the
seriousness of car-to-truck frontal collisions. Many studies, however, have shown that energy absorption by the
truck front end is a good way of reducing the seriousness even further. By applying the method developed in this
study the reduction can be quantified. A simulation of a collision (80 km/h, 50% offset) between the MPDB and the
truck supplied with the new front structure results in an ASI value indication the severity of the crash. In Figure this
value is put on the horizontal axis. When being left of the intersection of the trendline with the horizontal axis, the
new front structure has a benefit on the fatality reduction. The reduction rate is determined by vertical intersection
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with the trendline. An ASI value of 2.5 for instance results in a reduction rate of 20% with respect to a rigid front
underrun protection device.

Fatality reduction against Rigid FUP
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Figure 9: Determination of FUP effectiveness in terms of fatality reduction rate.

DISCUSSION

There are a number of limitations to the study. The selection of car models which are defined as representative for
the classes in the fleet is based on the availability of crash test results (from NCAP tests or private tests). Except for
the in-house tests, which are carried out at high speeds, up to 90 km/h), the NCAP tests are normally carried out at
speeds from 56 km/h to 64 km/h. In case overload situations (high speed impacts, up to 90 km/h) are simulated, the
results may be different for models which have been validated against lower speed impacts. Therefore, the
simulations outside the validation range are handled with care.

The width of the PDB is limited to 1000mm. As a consequence, only overlaps up to 60% be realized. Small overlaps
are limited to approx. 30%. The PDB is uniform over the barrier width and smaller overlaps typically result in a
different collision phenomenon. The MPDB is not representative for all type of cars.

Each simulation results in a set of injury values (head, chest, pelvis, etc.) for the occupant in the passenger car. In
the study above only the HIC value is used to determine fatality via AIS. Other injury values can be involved in a
similar way. However, AIS is a measure in accident investigation that describes the injury to a human per body
region in real-world crashes. The different AIS values per body region can be combined to one overall injury
criterion, known as the Injury Severity Score (ISS). The ISS predicts a percentage of mortality [7].

In this research, the interval in which the HIC reaches a maximum value was set to 36ms. This time interval affects
the HIC calculation. In case of hard contact impacts this interval can better be 15ms, which is also applied in [5].

CONCLUSIONS

The project described in this paper originally started with the aim of reducing injuries in car-to-truck frontal
collisions by improving the compatibility of the truck front structure. Evaluation of a new truck front design is
usually done by full scale testing using a passenger car with a dummy installed. This is a limited, costly and
complicated way to obtain a feeling about possible reduction of injury to car occupants. Therefore a simplified
and less costly method was developed by using a generic loading device replacing car and dummy, and by
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doing computer simulations of these crash tests in order to evaluate more parameters which are involved in
these collisions.

Although the national accident database includes 5 years of data, the amount of data related to car-to-truck
frontal collisions is relatively low (433). Especially the number of in-depth cases from which detailed
information about the accident is subtracted is low (53). This has consequences on the accuracy of the number
of fatalities and on the fatality reduction rate. However, it is also recognized that by inclusion of new data
(additional years) from the national accident database, the composition and distribution of the fatalities will
also change, because of introduction of newer car and truck designs, new roads and road design, etc. In the
current method the use of an MPDB replacing the car is therefore an advantage, but the influence of new
statistic information should be faced.

The size of the standard PDB was adapted and a bumper element was added. The size was changed in order to
have a better structural interaction with the energy absorbing front of the truck (the FUP). The influence of
height reduction of the PDB may be small for the application in assessing car self-protection and partner
protection. The bumper element was added to the PDB in order to have better load spreading from the (isolated
and limited contact area) FUP to the MPDB. Especially in the lower offset cases the FUP, without any adjacent
structures, may penetrate the honeycomb of the PDB till the end, resulting in bottoming out. A bumper element
may reduce this, however, the possibility of aggressiveness evaluation is abolished.

The method described in this paper allows a quick evaluation of new truck front designs with respect to fatality
reduction. Assuming that the accident statistics do not change abruptly from one year to another, the estimated
reduction of fatalities might be valid for some time, especially when the fatality reduction rate is used.
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ABSTRACT

The Australasian New Car Assessment Program (ANCAP) has had a significant impact on the Australian and
New Zealand motor vehicle landscape over the past 20 years through its independent, non-regulatory,
consumer-driven program. Five star cars are now available in all vehicle categories; the mgjority of
manufacturers now approach ANCAP to obtain a rating prior to launch to leverage sales; and ANCAP
assessments are now seen as the de facto standard, taking the place of regulation. Since 2011 ANCAP has been
increasing the stringency of its requirements for each star rating level annually. In future years ANCAP will
continue to raise the bar, updating and broadening its suite of physical crash tests and introducing performance
testing of safety assist technologies (SAT). These advancements will see consumers provided with even safer
vehicles, and in time, perhaps even carsthat will not be able to crash at al.

NCAPs drive vehicle safety improvements through a non-regulatory approach. This paper examines the
effectiveness of the Australasian NCAP, its achievements and its future direction.

INTRODUCTION

The Australasian New Car Assessment Program (ANCAP) exists to provide consumers with independent, clear
and concise vehicle safety information. The aim is to reduce death and injury on our roads and encourage
manufacturers to supply - and consumers to demand and purchase - the safest vehicles. Thisis achieved through
the communication and promotion of vehicle safety ratings. ANCAP uses a five star rating system (five stars
being the highest rating) to communicate comparative levels of vehicle safety. While physical crash testing has
dominated the program over time, advanced technology is becoming increasingly important. Historically it has
been relatively simple for consumers to understand the apparent difference in safety between cars. As the
photographs below illustrate, the differences were stark.

Then Now

Thisis not the case today, where differences between cars may be substantial but not immediately discernible to
consumers. Convincing consumers of the merits of safety technology is a huge challenge for ANCAP.
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DISCUSSION

Consumer Awareness

Since the establishment of ANCAP in 1992, regular market research has been undertaken to track consumer
awareness of the ANCAP brand, and also to monitor consumer uptake of the safer vehicles message and in turn,
the purchase of safer cars.

Figure 1 shows the increase in consumer awareness of the ANCAP brand (both name and logo) across
Australian and New Zealand new car buyers[1].

80%
70%

60%

50% Australian new car buyers
40% I New Zealand new car buyers
30%
20%
10%

1]

1996 2008 2010 2012 2014
Figure 1. Awarenessof ANCAP amongst new car buyersin Australia & New Zealand.

2014 results reveal that 74% of Australian new car buyers were aware of the ANCAP brand - an increase of
15% over 2012, and 60% more than 2010. Brand awareness amongst the New Zealand new car market was
dlightly lower at 54% in 2014, although showing significant growth since the first survey in 2012 (36%).

In order to reach these high levels of awareness ANCAP had to do two critical things. First, it had to establish
itself as a professional organisation of integrity, with a strong focus on accuracy and reliability and
demonstrated expertise in a complex technical field. Second, it had to convince manufacturers and consumers
that this was indeed the case.

On reflection, it probably took the best part of a decade before ANCAP had made headway on the first critical
point. There were many reasons for this including the fact that independent crash testing was a rather new and
immature field (other than in the USA) and there was a belief in the community that if governments approved
the sale of cars then ipso facto they must be safe. Early crash test results revealed the imprudence of this belief.
Consumers were presented with the stark redlity that by and large, cars were not particularly safe.
Manufacturers were presented with a significant challenge in both a technical design and an ethical obligation
sense. This challenge has been accepted.

Aswell as publishing test results, ANCAP undertook a range of marketing activities to explain and demonstrate
its professional expertise and integrity of its processes. These included for example, test laboratory visits,
consumer-focussed publications, greater interaction with the media, increased public advocacy for safety and
closer ties with governments.

In relation to pursuing the second critical point, there were two significant events that occurred during the
2000s. The first was the awarding in 2001 of the first five star ANCAP safety rating — this made both
consumers and manufacturers take notice of safety. The second was the awarding in 2008 of the first five star
ANCAP safety rating for an Australian-built car. This resulted in a prominent advertising campaign during the
2008 Olympic Games where, for the very first time, a major local manufacturer extolled the benefits of an
ANCAP rating to consumers.

Other manufacturers followed suit and what started as a trickle of five star ratings and associated marketing
turned into an avalanche. It was clear that safety was becoming a major factor in selling cars and this was borne
out in ANCAP' s market research. In earlier research, safety had rated fourth or fifth in priority behind price, car
type and performance.
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Figure 2 shows that in 2014 Australian new car buyers ranked safety as a top priority when making purchasing
decisions[1].

Safety
Price 3.5
Fuel Economy 39
Performance 4.5
Car Type 4.7
Reputation 4.9
Vehicle Aesthetics 5.3

Features 6.0

8 T 6 5 4 3 2 1

Least Most
important important

Figure 2. Importance of Vehicle Attributesto New Car Buyers, 2014.
Market Penetration
With awareness of ANCAP in Australia now high and growing quickly in New Zealand, ANCAP'sinfluence on

consumer purchasing was also apparent in the sale of five star rated cars.

Figure 3 reveals the portion of new cars sold in Australiain 2014 holding a five star ANCAP safety rating [2].

3 star
1%

1 star
0%

Total sales
= approx. 1,080,000

Figure 3. 2014 Australian new motor vehicle (passenger, SUV & LCV) sales by ANCAP safety rating.

In less than a decade, the penetration of five star cars in the Australian market has grown remarkably. 1n 2014,
82% of al new cars sold were models which held a five star ANCAP safety rating. In the relatively small
Australian market this amounts to nearly 900,000 cars. A further 11% held a four star rating (~120,000 cars).
Less than 2% (~20,000 cars) had arating lower than four star, with just 6% (~65,000 cars) being models without
arating.

In New Zealand, 88% of all new passenger cars sold in 2014 held a five star ANCAP safety rating [3]. In both
countries there are now numerous five star models available in all vehicle categories, providing a range of
choices across all price points.

ANCAP's influence on five star vehicle sales can aso be attributed to five star fleet purchasing policies
implemented by governments and arange of private, domestic and multi-national organisations.
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Positive Outcomes

With al the excitement about the prominence of ANCAP and the acceptance of safety ratings by consumers and
manufacturers alike, it is easy to overlook an assessment of the outcomes of safer cars. Figure 4 sets out the
reduction in fatalities on Australian roads over the last decade [4]. In that time there has been a 29% reduction
in fatalities.
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Figure 4. Australian Road Fatalities 2005-2014.

Clearly there are many factors that contribute to the reduction in fatalities, but what is also clear is that newer,
safer cars play a very significant role. Figure 5 shows a snapshot of passenger vehicle fatalities and passenger
vehicle registration by year of manufacture. It shows that older cars, while a smaller part of the fleet, account
for a higher number of fatalities: the reverseistrue for newer cars[5].

35%
30%
25%
20% Passenger fleet make-up
- Passenger occupant fatality share
15%
10%

5%

To 1996 1997-2001 2002-2006 2007-2011

Figure5. Passenger Fleet: Share of Registration vs. Share of Occupant Fatalities 2011.

Autonomous Emergency Braking

Since 2011, ANCAP has introduced stepped increases to the requirements vehicles must meet in order to
achieve each of its five rating levels. These increases relate not only to physical crash test performance but also
to the inclusion of safety assist technology (SAT) [6]. From 2015, ANCAP has taken another important step to
further enhance vehicle safety, with a new focus on SAT and the substantial impact it will have on reducing
road trauma.  This will be achieved through ANCAP's alignment with Euro NCAP and the move to a more
sophisticated test and assessment program encompassing performance assessments of active, life-saving SAT
[7]. From 2018 ANCAP and Euro NCAP testing and assessment regimes will be effectively aligned.

In spite of the positive outcomes of recent road safety initiatives, over the last fifteen years Australia has slipped
from eleventh to sixteenth place in the world in terms of road deaths per 100,000 population. More must be
done to see this decline reversed and SAT has ahuge role to play in achieving this.

Today, autonomous emergency braking (AEB) has already shown significant benefits in reducing the number of

crashes. Early figures showed a 27% reduction in Europe [8] and 14% in US [9]. Recent Swedish research
reveals AEB has reduced the risk of real world rear-end crashes in metropolitan areas by 54-57% and in all areas
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by 35-41% [10]. These figures are largely supported by other, as yet unpublished, research (funded in part by
ANCAP).

The central issue now is how we encourage consumers to demand, and manufacturers to supply, this technology.
If left to the market alone it may be many years before the technology becomes available in al new cars and
perhaps decades before it becomes ubiquitous in the fleet. Regulating the technology would likely lead to a
similar outcome given the time it takes to develop and implement. The only practical way to ensure that this
technology has an accelerated introduction into the market is for consumers, road safety practitioners and fleets
to demand it. This putsa particular onus on ANCAP and other programs to pursue this with vigour.

Autonomous Technology and the Consumer

The idea of autonomous cars may well have its roots in the twentieth century development of the automatic
transmission and other similar devices. Over time there have been many incremental advancements, but none is
more exciting or arouses more fear than the prospect of the autonomous car. The move to autonomy has
accelerated rapidly in the last decade and shows no signs of dowing. While it seems inevitable that at some
time in the future all cars will operate this way, there are some challenges to face before we arrive at that future
time.

The world is full of autonomous devices and machinery that once required specialised training and human
control and intervention. Trains, ships, trucks, aeroplanes are all good examples and while most are happy to
get on an aeroplane and fly thousands of kilometres at speeds approaching the sound barrier, there is something
about owning and driving a car that on occasion provokes an irrational response to change, notwithstanding that
the risk of death or seriousinjury is much higher in a car than in these other forms of transport.

The inevitable progression of advanced technology presents a new set of challenges for ANCAP in maintaining
consumer trust. Having been exposed to the results of physical crash testing and graphic images of cars that
perform well and those that perform poorly, the consumer has been an active participant in safety because the
results are evident and the benefits apparent.

This may not be the case with some of the more technically complex SAT. There are no tangible images of
good and bad performance to which the consumer can relate.

Surrendering control of the car will be difficult for those already driving. Driving skills are often worn like a
badge of honour, particularly among younger people and if this is threatened, resistance will be strong.
However, there is light at the end of the ‘generational’ tunnel and the existence of this light will ensure that
subsequent generations of drivers will embrace technology and readily accept a new and different place for the
car in society.

CONCLUSIONS

ANCAP has had a significant impact on Australian and New Zealand motor vehicle safety over the past 20
years through its independent, non-regulatory, consumer-driven program. Five star rated cars are now common;
manufacturers are embracing the ANCAP process by actively pursuing and promoting ratings; and consumer
awareness and use of ANCAP ratings is at arecord high. Accelerated introduction of life-saving technology is
vital and new methods of communicating this to consumers and manufacturers will be required.

The era of autonomous technologies has commenced and consumers and NCAPs alike must acknowledge and
embrace it if there is to be a further dramatic reduction in road trauma. ANCAP's future test, assessment and
communications processes will therefore continue to evolve in order to ensure that consumers secure access to
the safest cars, and in time, perhaps to cars that will not crash.
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ABSTRACT

To examine the measurement method for post-crash hydrogen or helium concentrations in the cabins and other
enclosed spaces of vehicles which is provided in the UN Global Technical Regulation on hydrogen fuel cell
vehicles (HFCV-gtr), the present study investigated 1) wind velocity conditions not affecting the hydrogen
concentrations in the cabin, 2) the effect of the impact absorber of a moving deformable barrier, and 3) the
feasibility of substituting the hydrogen concentration measurement with helium gas. The results indicated that
the HFCV-gtr measurement method posed problems in its accuracy and reliability because hydrogen
concentrations in the cabin varied under the influence of a 0.1 m/s wind and in the presence of an impact
absorber in contact with the test vehicle. Furthermore it was found that although HFCV-gtr defines a
permissible hydrogen concentration of 4vol% to be equivalent with a permissible helium concentration of
3vol%, this equivalence could not be verified. Consequently it is necessary to replace the HFCV-gtr
measurement method for in-cabin hydrogen concentrations with a simpler method immune to external
disturbances.

INTRODUCTION

Currently the UN Global Technical Regulation on hydrogen fuel cell vehicles (HFCV-gtr)[1] regulates the
hydrogen leakage of HFCVs and the hydrogen concentrations in enclosed spaces such as the cabin and the
trunk room, after a crash test. HFCV-gtr permits a maximum hydrogen leakage of 118 NL/min and a maximum
hydrogen concentration of 4vol%; in addition, HFCV-gtr allows the use of helium gas in place of hydrogen gas
for ensuring the safety of crash tests. The maximum permissible helium leakage is set at 88.5 NL/min (=
permissible hydrogen leakage flow rate x 0.75), and the maximum permissible helium concentration set at
3vol% (= permissible hydrogen concentration of 4vol% x 0.75) in view of the leakage-related properties of the
two gases[2]. Nevertheless, in case hydrogen does not start leaking from the fuel system within 5 sec since the
closure of the main stop valve after the crash, HFCV-gtr allows the omission of the hydrogen concentration
measurement.

Unlike the gasoline vehicles and compressed natural gas vehicles that are required to measure only their fuel
leakage flow rates after a crash test, HFCVs are required to measure both fuel leakage flow rate and hydrogen
concentration, thus subjected to more complex measurement procedures.

Regarding the HFCV-gtr measurement methods for post-crash hydrogen and helium concentrations, there was a
study on their possible replacement with the measurement of oxygen concentrations[2]. In another study, a crash test
was performed with hydrogen sensors installed inside the test vehicle[3,4]. On the other hand, the present authors in
their previous study investigated hydrogen concentrations in the vehicle underbody and the cabin with varied
leakage locations, directions, flow rates and flow velocities (nozzle diameters) on the assumption that a side window
pane is broken open in a side crash[5]. It was found that when hydrogen gas was leaked from the underbody,
hydrogen rose along the side doors and infiltrated into the cabin from the lower side of the open window. This
finding suggested that the presence of winds or a moving deformable barrier in the infiltration route of hydrogen

1



might affect the hydrogen concentrations in the cabin; also that for the cases where more complex hydrogen
infiltration routes and more open windows are involved, it would be necessary to verify the validity of substituting
hydrogen gas with helium gas, two types of gases with different diffusion coefficients.

Additionally the present study evaluated the hydrogen and helium concentration measurement methods by
investigating , (1) wind velocities not affecting the hydrogen concentrations ,(2) the effects of moving
deformable barriers (MDB), and (3) the reliability of the helium substitution test.

DESCRIPTION OF EXAMINATIONS

Test vehicles: A 2,000cc gasoline vehicle (mini-van, sized L4,630 x W1,695 x H1,710mm, interior size of
L2,775 x W1,505 x H1,350mm) was employed as the test vehicle, which was collided with a 950 kg carriage
serving as MDB at a crash speed of 55 km/h according to the Japan New Car Assessment Program test method.
Figure 1 shows the post-crash view of the test vehicle and the MDB both of which came to a stop with the
MDB impact absorber (honey-comb structure made of aluminum) in contact with the crashed side door of the
test vehicle. The lateral center window of the test vehicle had broken open as a result of the crash.

. T

Figurel. Test vehicle and side impact MDB after side crash test

Because the post-crash measurement method of HFCV-gtr requires the measurement of hydrogen or helium
concentrations and leakage, the crashed test vehicle was transported to the explosion resistance fire test cell of
the Japan Automobile Research Institute in order to conduct an experiment in a safe, windless condition. The
effect of the MDB was examined after placing a simulated impact absorber in contact with the test vehicle as
shown in Figure 2.

Figure2. Simulated side impact MDB



Leakage conditions: Hydrogen (or helium) was leaked upward from the nozzles located at the center of the
vehicle’s underbody and at the center of the cabin floor, with the flow rate regulated by a mass flow controller.
Only one (upward) nozzle direction was applied because previous studies[4,5] had found that hydrogen
concentration distribution and the maximum concentration did not differ significantly between upward and
downward nozzle directions when the hydrogen flow rate was about 2,000 LN/min.

In light of the fact that the fuel systems of HFCVs have pipes of a 1/4-inch (approx. 4 mm) inner diameter,
nozzles of three different diameters (i.e., 1, 2, 4 mm) were applied. Considering the fact that HFCV-gtr permits
a maximum hydrogen leakage of 118 NL/min, three different flow rates were applied--118 NL/min, 69 NL/min
(a half), and 35 NL/min (a quarter). Two different leakage durations were applied--800 sec during which
hydrogen concentrations were known to become constant inside the vehicle and 30 sec during which the
hydrogen gas (estimated 59L) remaining in the piping after the closure of the main stop valve would be
completely released at the maximum permissible hydrogen leakage of 118 NL/min for vehicle crash tests. To
examine the effect of winds, an explosion-proof fan 600 mm in diameter was placed 5Sm away from the vehicle
side.

Figure 3 shows the hydrogen concentration measurement positions in the cabin. Hydrogen and helium
concentrations were measured using thermal conductivity hydrogen sensors (New Cosmos Electric Co., Ltd.
XP-314).

Position | Hydrogen concentration measurement position
C1 50mm below the roof above the driver’s seat
c2 Near the mirror
C3 The center of the vehicle roof
C4 50mm below the roof at cargo compartment center
C5 50 mm above the floor at rear seat

Figure3. Hydrogen concentration measurement positions in the cabin
RESULTS AND DISCUSSION

Effect of winds on in-cabin hydrogen concentrations: The effect of winds blown from a side of the test
vehicle was investigated concerning hydrogen concentrations in the cabin. Hydrogen was leaked from the
vehicle underbody center or the cabin floor center continuously at a flow rate of 118 NL/min when a wind of
0.1 m/s was applied from a side direction. Figure 4 shows the hydrogen concentrations measured under the
above conditions. The wind blowing was started 600 sec after the crash in Figure 4(a), and 300 sec after in
Figure 4(b).
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Figured4. Hydrogen concentrations in time sequence
(Wind velocity: 0.1 m/s and upward, Nozzle diameter: 4 mm, Flow rate: 118 NL/min)
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In both figures, in-cabin hydrogen concentrations were affected when winds were blown. Due to measurement
accuracy limitations, the effect of winds below 0.1 m/s could not be examined in the present study. According
to the Beaufort scale of wind force[5], a wind velocity of 0.1 m/s corresponds to a Beaufort number of 0 and is
rated as “Calm”. In other words, 0.1 m/s represents practically a windless state. Accordingly it can be
considered problematic to conduct a measurement, verification or reproduction test on hydrogen
concentrations in an outdoor testing facility where natural winds easily exceed 0.1 m/s. Similarly, it should be
necessary to consider the effect of winds even in an indoor testing facility in warm seasons when the air
conditioning is in operation. For example, the wind velocity around a test vehicle in the indoor crash test
facility of the Japan Automobile Research Institute in summer (July) is an average of 0.5 m/s and a maximum
of 3 m/s. Accordingly it is necessary to take account of wind factors even in an indoor testing sites.

Effect of the MDB impact absorber: The effect of the presence or the absence of an MDB impact absorber
was examined in relation to in-cabin hydrogen concentrations. Figures 5, 6 and 7 show the hydrogen
concentrations in time sequence measured under varied test conditions concerning the nozzle location (vehicle
underbody center), nozzle diameters (1, 2, 4mm), flow rates (118 NL/min continuously), and the impact
absorber’s condition (present in contact with the vehicle side door, removal from the crash site).
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Figure5. Hydrogen concentrations in time sequence (Leak point: center of vehicle underbody, Leak
direction: upward, Nozzle diameter: 4 mm, Flow rate: 118 NL/min)
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Figure6. Hydrogen concentrations in time sequence (Leak position: center of vehicle underbody,
Direction: upward, Mozzle diameter: 2mm, Flow rate: 118 NL/min)
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Figure7. Hydrogen concentrations in time sequence (Leak position: center of vehicle underbody,
Direction: upward, MNozzle diameter: Imm, Flow rate: 118 NL/min)

Comparison between an impact absorber in contact with the side door and the absence of an impact absorber at
the crash site indicated differences in in-cabin hydrogen concentrations. Tables 2 and 3 show the comparison
results in terms of maximum hydrogen concentrations under varied test conditions.

Table2. Maximum hydrogen concentrations when in contact with impact absorber [vol %]
Leak Nozzle ';Iai\;v Leak .
o Direction| Dia. ) Door Wind time C1 C2 C3 C4 C5 Max (Position)
position [mm] [NL/min. [sec]
]
4 2.0 1.8 1.9 1.7 0.7 2.0(C1)
Underbody 2 118 1.6 1.7 1.7 1.6 05 1.7(C2,G3)
center |y o 1 Close No 800 14 1.3 15 1.4 0.3 1.5(C3)
69 1.4 1.3 1.5 1.2 0.5 1.5(C3)
4 35 0.9 0.7 1.0 0.8 0.3 1.0(C3)
118 30 0.5 0.3 0.7 0.4 0.1 0.7(C3)
Table3.
Maximum hydrogen concentrations with only test vehicle (No impact absorber case) [vol %]
Leak Nozzle| Flow Leak
position Direction| Dia. rate. Door Wind time c1 C2 C3 C4 C5 Max (Position)
[mm] [[NL/min. [sec.]
2.0 1.8 1.6 1.7 0.6 2.0(C1)
Underbod 2 118 24 2.0 2.2 2.0 0.5 2.4(C1)
nderbody
center Upper 1 Close No 800 2.0 2.1 1.9 1.9 0.6 2.1(C2)
69 1.3 1.3 1.3 1.2 0.5 1.3(C1,62,C3)
4 35 0.9 0.9 0.9 0.9 03 [0.9(C1,62,C3,C4)
118 30 0.5 0.4 0.7 0.5 0.1 0.7(C3)

As indicated in Tables 2 and 3, the maximum hydrogen concentrations varied among the measurement
positions, thus confirming the effect of impact absorbers on maximum hydrogen concentrations. The
explanation of this effect is that as leaked hydrogen ascended along the doors and infiltrates into the cabin
from an open window[4,5], the presence of the impact absorber in a hydrogen dispersion route affected the
hydrogen infiltration into the cabin.

For the above reason, it should be difficult to accurately evaluate the diffusion behavior of hydrogen gas
leaking from an HFCV in the presence of an MDB or a fixed barrier each equipped with an impact absorber.
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Due to the HFCV-gtr requirement to measure in-cabin hydrogen concentrations immediately after a crash test,
it should be necessary to remove the MDB near or in contact with the test vehicle to a sufficiently distant place
so that the in-cabin hydrogen concentrations will not be affected.

Helium substitution test procedure: If the test condition of a 118 NL/min permissible hydrogen leakage is
substituted with helium, the permissible helium leakage is 88.5 NL/min by applying a He/H, permissible
leakage ratio of 0.75 (= 88.5/118). Based on the observation that gas concentrations in an enclosed space are in
proportion to the gas leakage flow rate, HFCV-gtr[1] gives the following Equation (1) for the calculation of
permissible helium concentration Xy, conducive to a permissible hydrogen concentration of 4vol%.

Xye =4vol% H, X0.75=3vol% 1)

To verify if Eq.(1) is reliable under various test conditions, the present study investigated the He/H, ratios in
the cabin under identical test conditions between hydrogen leakage at 118 NL/min and a helium leakage at
88.5 NL/min. Figures 8, 9 and 10 show the results of this test. Because the concentration values measured at
the C5 position near the cabin floor proved exceptionally low, the concentrations only at C1 through C4 are
shown in the following three figures.
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Figure8. He/H, concentration ratios
(Leakage point: center of vehicle underbody, Nozzle direction: upward, Nozzle diameter: 4 mm,
Hydrogen flow rate: 118 NL/min, Helium flow rate: 88.5 NL/min)
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Figure9. He/H, concentration ratios
(Leakage point: center of vehicle underbody, Nozzle direction: upward, Nozzle diameter: 1 mm,
Hydrogen flow rate: 118 NL/min, Helium flow rate: 88.5 NL/min)
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The results indicated that the He/H, concentration ratio varied in the early phase of the test but gradually
stabilized in the following phase onward. Nevertheless the ratio, instead of stabilizing at 0.75, varied according
to leakage locations and nozzle diameters. The primary cause of this discrepancy was attributed to the fact that
the aforementioned Equation (1) does not take account of differences in the diffusion behaviors of hydrogen
and helium. Therefore, since no correspondence was found between a permissible hydrogen concentration of 4vol%
and a permissible helium concentration of 3vol%, the validity of the helium substitution measurement method
provided in HFCV-gtr was considered questionable.

CONCLUSIONS

To examine the measurement method for post-crash hydrogen concentrations provided in HFCV-gtr, the
present study investigated 1) wind velocity conditions not affecting the hydrogen concentrations in the cabin,
2) the effect of the impact absorber of a moving deformable barrier, and 3) the feasibility of substituting the
hydrogen concentration measurement with helium concentration measurement. As the results indicated that
hydrogen concentrations in the cabin were affected by the presence of a 0.1 m/s wind in the testing facility and
an impact absorber in contact with the test vehicle, the HFCV-gtr measurement method is considered to pose
some problems in its accuracy and reliability. In addition, since the correspondence between a permissible
hydrogen concentration of 4vol% and a permissible helium concentration of 3vol% assumed in HFCV-gtr
could not be confirmed, the existing helium substitution measurement method was also considered
questionable. Consequently it is necessary to replace the HFCV-gtr measurement method for in-cabin hydrogen
concentrations with a simpler method immune to external disturbances.

Finally, the present study was carried out as part of the “technology development project for hydrogen
production, transport and storage systems”’ commissioned by New Energy and Industrial Technology
Development Organization (NEDO), a national research and development agency of Japan.
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ABSTRACT

From 2016, Euro NCAP plans to assess child occupant protection performance with Q6 and Q10 dummies in a 64 km/h offset
deformable barrier (ODB) frontal impact test. This paper describes research simulating this frontal impact test using a ten-year
old (10YO) version of the Total Human Model for Safety (THUMS) and an FE model of the Q10 dummy. The changes in impact
kinematics and injury values of the 10YO THUMS model were compared with the Q10 dummy under various load limiter (L/L)
values ranging from 2 to 5 kN, and the differences between the two were examined.

Differences in the kinematics between the two mostly appeared during the second half of the test. As a result, the displacement of
the head and chest of the Q10 dummy was smaller than that of the 10YO THUMS model. This result was probably because the
thoracic plate of the Q10 dummy hindered the flexion of the thoracic spine. In addition, the chest upper deflection of the Q10
dummy resulted in higher injury values. This result was assumed to be because the shoulder belt was positioned close to the chest
upper deflection gauge. In addition, the change in the chest upper deflection of the Q10 dummy was greater than that of the
10YO THUMS model, with a sensitivity of approximately four times as large. This result was due to the high force transmission
ratio from the clavicle to the sternum.

INTRODUCTION

According to European accident statistics, the rate of child (0 to 14 year-old) occupant fatalities in the EU in 2009
amounted to 2.5 people in 100,000 (Kirk et al., 2012). As one measure to help improve the safety of child occupants,
the EU enacted ECE R44 in 1981 to specify safety criteria for child seats. Euro NCAP then began assessing child
occupant protection performance from 2003.

The development of the Q-series of child dummies began in 1993. Five completed dummies have already been
completed, ranging in age from O to 6 years old, and the 10-year old Q10 dummy is due to be completed in the near
future. Currently, Euro NCAP assesses child occupant protection performance using the 1.5-year old Q1.5 dummy
and the 3-year old Q3 dummy. In addition, Euro NCAP has also announced plans to adopt the 6-year old Q6 dummy
and the 10-year old Q10 dummy from 2016. Although various researches have examined the injury states,
tolerances, and thresholds of child occupants, little information is available compared to research into adults.
Physical tests on live subjects have been carried out at low force levels, assuming playground accidents. However,
there is very little information related to tolerance and threshold at high forces such as in impact tests. For this
reason, research using human finite element (FE) models is regarded as an effective means to better understand
pediatric injuries.

The research described in this paper compared the occupant kinematics and injury values in a frontal impact using a
ten-year old (10YO) version of the THUMS human FE model and an FE model of the Q10 dummy. Assuming the
same conditions as the 64 km/h offset deformable barrier (ODB) frontal impact test used in Euro NCAP, the
simulation placed the child occupant models in a junior seat (JRS) located in the rear. The impact kinematics and
injury values of rear seat occupants are affected by the load limiter (L/L) device of the seatbelts. Therefore, this
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research also examined changes in the displacement and injury value for each part of the occupant (i.e., the
sensitivity) under various L/L values. After describing these simulations, this paper details the differences in impact
kinematics and injury values of the 10YO THUMS and Q10 dummy models.

METHOD

The first section of this paper describes an outline of the FE models used in the research.

Vehicle FE Model

The simulated test vehicle was a B-segment compact car with a weight of 1,070 kg. The FE model of the test vehicle
was created to represent its geometry and structure, including component parts. It was verified that the floor
deceleration pulse, forward displacement, and yawing motion matched those measured in an ODB frontal impact
test of this vehicle. The seatbelts in the rear seats for child occupants were equipped with a pretensioner to remove
slack and an L/L function to control the occupant restraining force.

JRS FE Model

A high-backed JRS in the 2-3 weight group was used. The FE model was created using external geometrical data
obtained using optical measurement. The plastic and metal parts were modeled with shell elements, while solid
elements were used for the foam parts. The average mesh size was 5 mm. It was verified that the deformation
stiffness and strength of the head and lateral supports were consistent with those of actual JRS.

10YO THUMS Model

The 10YO THUMS model was created by changing the 6YO THUMS pedestrian model created by Nishimura et al.
(2002) to a seated posture and scaling up the physique to that of a 10-year old child. The seated height of the 10YO
THUMS model was changed to match that of the Q10 dummy. Both models had a weight of 35 kg. The impact
response of the 10YO THUMS head was previously verified by Nishimura et al.(2002), while the chest response
was verified in the research by comparison with the chest loading tests on post mortem human subjects (PMHS) of a
10-year old (Kent et al., 2012). The head displacement was measured at the center of gravity of the head and the
chest displacement was measured at the fourth thoracic vertebra (T4). The displacement data was transferred to the
vehicle (the rear floor) coordinate system. The upper and lower chest deflections were calculated in accordance with
the measuring points on the Q10 dummy.

Q10 Dummy FE Model

The Ver. 1.2.1 Q10 dummy FE model (Humanetics Innovative Solutions, Inc. ,2013) was used for the comparison
with the 10YO THUMS model. The head and chest response were verified based on the details of Humanetics
Technical Reports. The displacement and injury values of each part were outputted following the Humanetics User
Manual from the sensors set inside the model. The displacement data was transferred to the vehicle coordinate
system as processed in the 10YO THUMS model.

Calculation Model and Conditions

The JRS model was placed on the right rear seat (i.e., the far side of the vehicle) assuming fixation through the
ISOFIX anchors. Both the 10YO THUMS and Q10 dummy occupant models were seated so that their backs were in
contact with the seatbacks. The seatbelts were wrapped around the torsos of the dummies passing through the belt
guides. The pretensioner was activated at 20 msec after the impact, based on the specifications of the tested vehicle.
Eight cases were simulated with the 10YO THUMS and Q10 dummy models, changing the L/L value from 2 to 5
kN. The kinematics of each part of the models and the injury values were compared for each case. Table 1 shows the
calculation conditions for all eight cases.
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Table 1. Simulation Matrix

CASE

1‘2‘3‘4

5‘6‘7‘8

Test Condition

64kph ODB

64kph ODB

Vehicle Type

Compact Car

Compact Car

Occupant Position

Rear Seat (Far Side)

Rear Seat (Far Side)

Child Occupant Model 10YO THUMS Q10 dummy
Seat Back Available Available
JRS
Mount ISO-FIX ISO-FIX
P/T Available Available
Seatbelt
L/L 2kN|3kN|4kN|5kN 2kN|3kN|4kN|5kN

RESULTS

This section compares the impact responses and injury values of the 10YO THUMS and Q10 dummy models

between cases 3 and 7 (L/L value: 4 kN).

Kinematics

Figure 1(a) superimposes the kinematics of the 10YO THUMS and Q10 dummy models at 0, 60 and 120 msec after
the impact. In both models, the upper body flexed after the pelvis stopped. The head positions of two models were

almost identical up to 60 msec but diverged after that. The upper body flexion and lateral bending of spine were
greater in the 10YO THUMS model than those in the Q10 dummy. At 120 msec, the head forward displacement of
the 10YO THUMS model was 547 mm and the chest (T4) forward displacement was 327 mm. These values were

179 mm (head) and 92 mm (chest) larger than those of the Q10 dummy, respectively. The lateral displacement of the
10YO THUMS model (chest) was 101 mm, larger than the 80 mm recorded by the Q10 dummy.

Figure 1(b) shows the changes in the maximum forward displacement of the head and chest under different L/L
values. The maximum lateral displacement of the chest is also shown. Under the same L/L value, the 10YO THUMS
model exhibited greater displacement than the Q10 dummy. The maximum forward displacement increased as the
L/L value decreased. In contrast, there was little difference in the sensitivity of the maximum forward displacement
against the L/L value. Under the impact conditions assumed in the research, the head of the 10YO THUMS model
contacted the back of the front seat in case 1 (L/L value = 2 kN).

The maximum lateral displacement of the chest in the 10YO THUMS model was larger than that in the Q10
dummy. In this model, the lateral displacement increased as the L/L value decreased. However, in case 1 only, the
lateral displacement of the 10YO THUMS model was smaller than that in case 2 even though the L/L value was
smaller.
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Figure 1. Occupant displacement and sensitivity of displacement of each part to L/L value.
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Injury Values

Figure 2(a) compares the time history curves of the head resultant acceleration, upper neck tension force, and chest
deflections (upper and lower) of the 10YO THUMS and Q10 dummy models. The head resultant acceleration and
upper neck tension force reached the maximum peaks at 116 msec, which was close to the timing of the maximum
head forward displacement (120 msec). It should be noted that the maximum values in all cases were higher for the
10YO THUMS model. The chin and clavicle of the Q10 dummy came into contact at 85 msec, generating an initial
peak for head resultant acceleration. Initial peaks for the chest upper and lower deflections appeared at 76 msec and
the maximum values appeared after 116 msec. At 76 msec, the shoulder belt restrained the Q10 dummy from the
chest to the abdomen. At 116 msec, the upper body flexed, causing the clavicle to be restrained by the shoulder belt.
Although the maximum chest upper deflection of the 10YO THUMS model was smaller than that of the Q10
dummy, the chest lower deflection was greater.

Figure 2(b) shows the relationship between the L/L value and the head injury criteria (HIC), as well as the injury
values for the neck (upper neck force) and chest (chest upper and lower deflections). Apart from the chest upper
deflection, the injury values of the 10YO THUMS model were higher in all cases than the Q10 dummy. In the 10YO
THUMS model, the HIC increased as the L/L value decreased. In contrast, the HIC of the Q10 dummy decreased as
the L/L value decreased. The HIC was particularly high in case 1, in which the head contacted the back of the front
seat. Although the upper neck force of the 10YO THUMS model increased as the L/L value decreased, the upper
neck force of the Q10 dummy model decreased under the same conditions. The chest upper and lower chest
deflection of both the 10YO THUMS and Q10 dummy models also decreased as the L/L value decreased. However,
the change in the chest upper deflection of the Q10 dummy was greater than in the 10YO THUMS model, with a
sensitivity of approximately four times as high.

— 10YO THUMS
— Q10 dummy
@ 60
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(a) Time history comparison of head resultant acceleration, upper neck tension force, and chest deflection (cases 3 and 7)
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Cause of Smaller Head and Chest Displacement in Q10 Dummy Compared to 10YO THUMS Model

The mass distribution, dimensions and stiffness of body parts of the Q10 dummy closely match the average values
of a 10-year old (Lemmen et al., 2012). However, the Q10 dummy has a rigid block, called a thoracic plate, for
supporting the measurement instrumentation. The flexion range of the thoracic spine was relatively small due to the
higher rigidity of this part compared to an actual human spine.

The smaller forward displacement of the Q10 dummy head compared to the 10YO THUMS head was analyzed
comparing cases 3 and 7. The head forward displacement is mostly determined by the pelvis displacement and the
flexion of the cervical, thoracic, and lumbar spines. Figure 3 compares the contributions of pelvis displacement and
spine flexions between the 10YO THUMS and Q10 dummy. In the 10YO THUMS model, 328 mm (60%) of the
head displacement amount of 544 mm was caused by the flexion of the thoracic spine. In contrast, the Q10 dummy
had little flexion of the thoracic spine. This suggests that the thoracic plate of the Q10 dummy hindered the flexion
of the thoracic spine. The rigidity of the thoracic plate was also a possible factor of the smaller chest forward

displacement of the Q10 dummy.

Head Forward
Displacement (mm)

Figure 3. Contributions of pelvis displacement and spine flexions to head forward displacement.
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Cause of Higher Chest Deflection in Q10 Dummy Compared to 10YO THUMS Model

The contact force of the shoulder belt acting on the chest of the Q10 dummy (6,500 N, case 7) was lower than that of
the 10YO THUMS model (8,300 N, case 3). Lemmen et al. (2012) reported that the chest deflection responses of the
Q10 dummy are within the test corridor. These points indicate that the cause of the difference in chest deflection is
neither the force of the shoulder belt nor the chest deflection responses of the Q10 dummy. This research focused on
the relationship between the chest deflection measurement points and the position of the shoulder belt.

Figure 4 shows the positional relationship at the maximum chest deflection. The distance between the chest upper
deflection measurement point and the center of the shoulder belt in the width direction was 89 mm in the 10YO
THUMS model (case 3). This differed greatly from the distance in the Q10 dummy, which was only 7 mm (case 7).
The shoulder belt contacted the area around the chest upper deflection measurement point in the Q10 dummy, while
the belt was at the lower area in the 10YO THUMS model. This is thought to be the reason why the chest upper
deflection of the Q10 dummy was greater than that of the 10YO THUMS model.

As shown in Figure 1(a), the Q10 dummy model exhibited much smaller chest lateral displacement (21 mm at 120
msec) compared to the 10YO THUMS model (101 mm), while there was little difference in the chest vertical
displacement. The shoulder belt kept in contact with the area around chest upper deflection measurement point in
the Q10 dummy while the chest upper deflection measurement point deviated from the shoulder belt contact in the
10YO THUMS model.

Measured Points : @ Chest Upper Deflection
@ Chest Lower Deflection

Figure 4. Positional relationship between chest and shoulder belt.

Cause of Higher Chest Upper Deflection Sensitivity to Changes in L/L value in Q10 Dummy

In the 10YO THUMS model, the chest upper deflection decreased by 5.3 mm for each 1 kN of the L/L value.
However, in the Q10 dummy, the chest upper deflection decreased by only 1.3 mm. The sensitivity of the chest
upper deflection to the L/L value was roughly four times higher for the Q10 dummy than the 10YO THUMS model.

In cases 3 and 7, the shoulder belt contact area was divided into three regions (the clavicle, chest, and abdomen) for
analyzing the force contribution to chest deflection. The clavicle region covers the right shoulder and the right rib 1,
the chest region covered the area from the right rib 2 to the left rib 9, and the abdominal region covered the area
below the left rib 9. At the maximum chest upper deflection, 48% of the force was generated at the clavicle region,
37% at the chest region, and 15% at the abdominal region. Of these, the forces at the clavicle and abdominal regions
do not directly cause an increase in upper chest deflection. There were little differences in the change in clavicle
force between both models with different L/L values.

The ratio of force transmission from the clavicle to the sternum (force transmission rate) was compared between the
10YO THUMS and Q10 dummy models. This ratio was 22% in the Q10 dummy but only 8% in the 10YO THUMS
model, approximately 2.6 times higher (Figure 5(a)) than the rate for the Q10 dummy. In the human body, the left
and right clavicles are completely separate and join to the sternum through ligaments. On the other hand, the clavicle
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of the Q10 dummy is a single part extending laterally from the left to the right and bolted to the ribcage (Figure
5(b)). The high sensitivity of the chest upper deflection of the Q10 dummy is due to the smaller freedom of
deformation of the joint between the clavicle and sternum, which facilitates transmission of the shoulder belt load
acting on the clavicle to the sternum.

It is considered that the impact kinematics and responses of the Q10 dummy could be made closer to those of the
10YO THUMS model by improving the flexibility of the thoracic spine and the joint between the clavicle and
sternum.

w
o
X

20% r I

10% =

Force Transmission Rate
from Clavicle to Sternum (%)

0%

10YO THUMS Q10 dummy
(a) Force transmission rate from clavicle to sternum

10YO THUMS Q10 dummy

(b) Deformation of clavicle and sternum with fixed spine (116 msec)

Figure 5. Clavicle force transmission rate and structural differences.

Limitation

This research was conducted assuming particular impact conditions (vehicle, impact pattern, and speed). The
investigation does not comprehensively cover all the types of accidents that occur in the real world and is not
directly related to accident results.
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CONCLUSIONS

This paper described a simulated 64 km/h ODB frontal impact test using 10YO THUMS and Q10 dummy models.
The changes in impact kinematics and injury values of the two models were compared under various L/L values
ranging from 2 to 5 kN.

The kinematics of the 10YO THUMS and Q10 dummy models were almost identical up to 60 msec after the impact.
However, the forward and lateral displacements of the 10YO THUMS model were larger than those of the Q10
dummy after 60 msec. The Q10 dummy exhibited lower head resultant acceleration, smaller upper neck tension
force, greater chest upper deflection, and smaller chest lower deflection. The changes in the injury values under
different L/L values were similar between the 10YO THUMS and Q10 dummy models. However, the change in the
chest upper deflection of the Q10 dummy was greater than that of the 10YO THUMS model, with a sensitivity of
approximately four times as high.

The smaller head and chest displacement in the Q10 dummy compared to the 10YO THUMS model was probably
due to the thoracic plate of the Q10 dummy hindering the flexion of the thoracic spine. The greater chest upper
deflection of the Q10 dummy was assumed to be because the shoulder belt was positioned close to the chest upper
deflection gauge. The high sensitivity of the chest upper deflection of the Q10 dummy to the L/L changes was
probably due to the high force transmission ratio from the clavicle to the sternum.

These results showed that the impact kinematics and responses of the Q10 dummy could be made closer to those of
the 10YO THUMS model by improving the flexibility of the thoracic spine and the joint between the clavicle and
sternum.
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ABSTRACT

In recent years both pedestrian passive and active safety systems, such as pedestrian bonnets/airbags and
autonomous braking, have emerged on the market and are estimated to be effective to reduce injury of
vulnerable road users in car crashes. A natural next step is to develop similar protection systems for bicyclists.
The aim of this study was to investigate the potential bicyclist head injury reduction from passive and active
protection systems compared to an integrated system.

The German In-Depth Accident Study (GIDAS) database was queried from 1999 to 2014 for severely (AIS3+)
head injured bicyclists when struck by passenger car fronts. This resulted in 34 cases where information was
sufficient for both the pre-crash and the in-crash part of the event. The default passive protection system was
designed to mitigate head injuries caused by the bonnet area, A-pillars, and the lower windscreen (instrument
panel) area (deployable hood and windshield airbag). To estimate the hood and airbag performance risk
reduction functions were used based on experimental tests with and without the systems. The active protection
system was an autonomous braking system, which was activated one second prior to impact if the bicyclist was
visible to a forward-looking sensor. Maximum speed reduction was estimated using road condition information
in each case. The integrated system was a direct combination of the passive and active protection systems.
Case by case the effect from each of the active, passive and integrated systems was estimated. For the
integrated system, the influence of the active system on the passive system performance was explicitly
modelled in each case. A sensitivity analysis was performed varying the coverage area of the passive
protection system and the activation criteria of the active system.

The integrated system resulted in 29%-62% higher effectiveness than the best single system of active
respectively passive protection system in reducing the number of bicyclists sustaining severe (AIS3+) head
injuries. These values were statistically tested and found to be significant. The study is based on representative
data from Germany, but may not be representative to countries with a different car fleet or infrastructure. This
study indicates that integrated systems of passive and active vulnerable road user countermeasures offer a
significantly increased potential for head injury reduction compared to either of the two systems alone.

INTRODUCTION

World-wide it is estimated that over 500 000 pedestrians and bicyclists are killed annually in road traffic (Naci,
Chisholm et al. 2009). Virtually all road pedestrian fatalities and a majority of the cyclist road fatalities are caused
by crashes with vehicles (SIKA 2009). In larger European cities, bicycle transportation is increasing (Thiemann-
Linden 2010), likely due to congestion, fuel prices and an increasing awareness of its health benefits. Pedestrians
and bicyclists already make up roughly half the traffic fatalities in urban areas in the EU (ERSO 2012), risking
fatalities to increase with increased bicycle use.

In research studies pedestrians have been the dominant subject group. Legal regulations as well as consumer rating

tests for pedestrians have influenced car design during the last decade in Europe and Japan. Cars on these markets
are now often equipped with energy absorbing bumpers and hoods, as well as deployable hoods. Furthermore,
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airbags for the windshield area, attempting to mitigate head injury have been introduced (Volvo 2012; Jaguar-
LandRover 2014). Pedestrian passive countermeasures have proven effective in reducing pedestrian injury.
Strandroth et al. (2014) showed, in a study on Swedish accidents, that cars with higher pedestrian ratings in
EuroNCAP consumer tests resulted in less severe injuries. A natural next step is to design the airbag to protect also
for bicyclists. The major difference between pedestrians and bicyclists is the higher head impact point of bicyclists
on the car (Fredriksson, Bylund et al. 2012; Fredriksson and Rosén 2012). Fredriksson et al (2014) showed a
potential protection system with a higher protection area designed to protect both pedestrians and bicyclists. Another
way to reduce injury is to reduce impact speed, where even moderate speed reductions can significantly decrease
risk for the vulnerable road user in an impact. For example, Rosén and Sander showed that reducing the impact
speed from 50 km/h to 40 km/h reduced the pedestrian fatality risk by 50% while a reduction (from 50 km/h) to 30
km/h reduced the risk by as much as 80% (2009). Currently, active systems such as autonomous braking are being
rapidly introduced on the market. These systems consist of a pre-crash sensor that detects a dangerous situation
where a pedestrian is about to be hit. If unnoticed by the driver the system will automatically brake the car and
prevent impact at low speeds and mitigate pedestrian injury at higher speeds by decreasing the impact speed. These
systems are potentially very effective in reducing impact severity of pedestrian and bicyclist crashes (Rosén,
Killhammer et al. 2010; Rosén 2013). In 2016 EuroNCAP begins assessing autonomous emergency braking (AEB)
or warning for pedestrians (EuroNCAP 2014), and in 2018 it is planned to begin testing active systems also for
bicyclists.

It has been argued by some that autonomous braking systems could even replace passive protection systems. It is
then interesting to estimate how effective these systems are, and in particular, answer the question: if one of these
systems, such as an active system, is implemented, would there be any additional benefit in adding a passive system,
or vice versa? In an earlier study it was shown beneficial for pedestrians to combine active and passive systems
regarding injury reduction potential.

The aim of this study was, therefore, to investigate the potential reduction of bicyclists sustaining severe head injury
from either a passive (in-crash) or active (pre-crash) countermeasure compared to an integrated system that is a
combination of both. Since these countermeasures do not yet exist in cars, or have just been introduced, no accident
data, with these systems involved, is available to aid in estimating effectiveness. The alternative solution would then
be to use crash tests and head injury criteria with accompanying risk curves along with incidence data to estimate
effectiveness. Although legal and NCAP tests may be effective in leading the development towards safer car fronts
for pedestrians, they have limitations in estimating real-life benefits, and the connection between selected injury
criteria and pedestrian head injury risk has not been thoroughly investigated. Therefore, ideal passive and active
countermeasures were considered in this study. The focus was not on estimating and comparing the exact
effectiveness of the individual systems, but rather on the improved benefit of combining the two.

METHOD

In this study three systems to reduce head injury of bicyclists in car crashes were considered, i.e. a passive
deployable system, an active auto-brake system and finally a combined system of the active and passive
system. The passive protection system consisted of a deployable hood and a windshield airbag and was
designed to mitigate head injuries caused by the bonnet area, windshield frame and the lower windshield area
where the instrument panel was in close proximity to the windshield glass. The active system was a so-called
autonomous emergency braking (AEB) system that, if a bicyclist can be detected and is estimated to be
impacted by the car, applies full braking to avoid or mitigate the crash. The combined system was a direct
combination of the two systems with autonomous braking of the car first, followed by an activation of the
passive system, in case the accident was not avoided and the remaining impact speed was sufficient to be
estimated to cause severe head injury. This method was developed in an earlier study estimating effectiveness
of pedestrian protection systems (Fredriksson and Rosén 2014).

We estimated the potential of these systems to reduce severe (AIS3+) head injury. Note that a bicyclist may
sustain multiple severe head injuries from different impacts to the car, ground and other external objects in the
same crash. In this study, bicyclists that sustained at least one of the severe head injuries from an impact to the
ground, external objects or unprotected areas of the car were not considered helped by the passive



countermeasure. Only bicyclists that sustained all severe head injuries from impacts to the protected areas of
the car were considered protected by the passive countermeasure.

To estimate the injury saving potential of the different systems we searched the GIDAS database for all cases
where a bicyclist was severely (AIS3+) head injured when impacted by the car front. The database consisted of
4789 cases with bicyclists injured when struck by passenger cars between 1999-2014. When excluding the
non-relevant cases (lower injury level, side/rear impacts to the car and cases when no severe head injury was
sustained) it resulted in 34 cases where information was sufficient to estimate both passive and active
protection potential. We then estimated the potential of the passive, active and the integrated system in
reducing the risk of severe head injury case by case for the 34 cases.

Passive protection system

Head impact speed The head impact speed was, just like in the previous pedestrian study, assumed to be
equal to the car impact speed. For pedestrians studies have shown head impact speeds both higher and lower
than the car impact speed, ranging from 68%-146% in car-to-pedestrian post mortem human subject (PMHS)
40 km/h tests (Masson, Serre et al. 2007; Kerrigan, Crandall et al. 2008; Kerrigan, Arregui et al. 2009). For
bicyclists no PMHS tests have been performed. Limited full-scale crash tests with the Polar II dummy showed
head/car impact speed ratios of 87%-147% (van Schijndel, de Hair et al. 2012). Therefore the assumption that
head impact speed was equal to car impact speed was made also in this study.

Deployable hood system The deployable hood performance was estimated in a previous study
(Fredriksson and Rosén 2014) based on a study with headform tests at 40 km/h (Fredriksson, Héland et al.
2001) using a method by Searson et al (2012) to estimate performance at other impact speeds. Five different
impact points were chosen distributed on the hood surface. The estimated HIC values for the reference hood
and version 1 deployable hood was based on these tests. Since the active hood tested was designed to meet
earlier Euro NCAP requirements on HIC1000 for full score with a 20% margin, it is likely that a system
designed today would aim at keeping 20% below the current target of HIC650. Version 2 of the active hood
was therefore estimated as a deployable hood designed to keep HIC 20% below the Euro NCAP level for full
score in the hood area (HIC=0.8x650=520). The HIC values were used to calculate risk of AIS3+ head injury
for the reference configuration and the active hood systems (Fredriksson and Rosén 2014).

Windshield airbag The airbag performance was also estimated in the previous study using the headform
test method of Euro NCAP but varying the headform impact speed from 20-60 km/h for two different impact
points (Fredriksson and Rosén 2014). One impact was chosen as the most severe, i.e. an impact directly to the
A-pillar. The other impact was considered less severe, but still a frequent cause of severe head injuries, i.e.
impact to the lower windshield glass with, in this case, 25 mm distance to the instrument panel. The tests were
performed on a small family car in the standard condition as well as equipped with the windshield airbags as in
Figure 1. Version 1 is a standard airbag design with a thickness of approximately 200 mm. Version 2 is a new
design that increases the energy-absorbing distance achievable without increasing the airbag volume
(Fredriksson and Rosén 2014).

Figure 1. Pedestrian airbags used in the headform tests in the previous study to estimate airbag
performance, left: version 1 airbag, right: version 2 airbag (Fredriksson and Rosén 2014)
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For the effectiveness estimation it was assumed that the airbag was designed to cover the lower windshield,
where the instrument panel is within the head line of motion, and the complete A-pillars for System 1 and 2. In
System 3, version 2 airbag was extended to protect also in the area of the roof front edge. See Table 1. If the
head injury or injuries resulted from what was judged as an A-pillar impact, fully or partially, or a direct hit to
the lower windshield frame, we used the data from the A-pillar tests for estimation of the risk. If the impact
was to lower windshield glass and instrument panel, we used the data from the lower windshield tests to
estimate the risk.

Table 1. Deployable system parameters for the three versions used in the study

Deployable system System 1 System 2 System 3
parameters
Hood lifter Version 1 Version 2 Version 2
Airbag design Version 1 Version 2 Version 2
Coverage area Hood Hood Hood

Low WS Low WS Low WS

A-pillars A-pillars A-pillars

Roof front edge

When these data were collected, the severe head injury risk, for each impact speed and protection system,
could be estimated for each case (i) using the risk function from NHTSA (1995). The risk reduction was then
calculated (Fredriksson and Rosén 2014).

Note that if the impact location of any of the AIS3+ head injuries in a case is other than that protected by the
protection system, i.e. other areas of the car or the surrounding/ground, then risk reduction potential in that
case was set to 0. Also, for both systems, activation was limited to a minimum speed of 20 km/h.

Risk reduction functions In the earlier study (Fredriksson and Rosén 2014) risk reduction functions were
developed for the two protection systems, deployable hood and windshield airbag (Figure 2). Linear
interpolation between the data points was used for the airbag risk reduction functions. The risk reduction was 0
above 70 km/h for the active hood and above 60 km/h for the airbag in the A-pillar impact location. For the
airbag lower windshield impact location the risk reduction was still 31% at 60 km/h. Since we did not have any
test data above 60 km/h, we estimated the risk reduction function to continue linearly down to 0 at 70 km/h.
Also the lower windshield reference test at 20 km/h was unsuccessful so the risk reductions from 20-29 km/h
for lower windshield were estimated to be horizontal from the values at 29 km/h.




100%

80%

60%

40%

20%

0%

100% - fre = AP bag 1 100% Low WS bag
1
80% - AP bag 2 80% o= Low WS bag
2
60% 60%
40% 40%
20% - 20% - \\\
N
9
0% - : - 0% : . i N
20 30 40 50 60 70 20 30 40 50 60 70

Figure 2. Head AIS3+ injury risk reduction for active hood average (top) and windshield airbag (below) for
two impact locations; A-pillar (left) and lower windshield (right)

Using the risk reduction functions the possible effectiveness of the protection system could be estimated for
each case. Note that if any of the AIS3+ head injuries was caused by a source outside the protected area, on the
car or in the surrounding, the effectiveness of the protection system in that case was set to 0.

Finally, the total effectiveness of the passive protection system could be calculated as:
N
total 1
Epassive = N €passive v) (1)
i=1

The rationale behind this effectiveness calculation method is described in more detail in a previous study
(Fredriksson and Rosén 2012).



Active protection system

The active (AEB) system was estimated to detect all visible bicyclists within the field of view independent of
weather and light conditions, and activate automatically the brakes up to 1.0 s before predicted impact. The
braking system was estimated to have a ramp-up time of 300 ms and maximum braking level was set to 0.7 g,
but reduced if road friction conditions were limited. Finally, three system parameters were varied: sensor field
of view, trig width and cut-off speed for activation; the system was activated for bicyclists within the vehicle
path or up to 1.0 or 3.0 m beside it (trig width), either up to 60 km/h or at all impact speeds, and during all
light conditions (see Table 2). For further details on the AEB system, see earlier study by Rosén (2013).

Table 2. AEB parameters for the three versions used in the study (in bold parameters that are varied)

AEB parameters System 1 System 2 System 3
Field of view 40° 40° 60°

TTC max 1.0s 1.0s 1.0s

Trig width I m I m 3m

Braking level max 07¢g 0.7¢g 07¢g
Ramp-up time 300 ms 300 ms 300 ms
Cut-off speed 60 km/h No limitation No limitation
Light conditions All All All

In order to derive injury risk functions for AIS3+ head injury, logistic regression analysis was conducted
following Rosén and Sander (2009). The risk as a function of impact speed, p(v), was assumed to have the
following form (logistic regression) p(v) = 1/(1 + exp(— a — bv)), where v is the impact speed and a, b two
parameters to be estimated by the method of maximum likelihood.

A bicyclist detected by the active system, so that autonomous braking could be activated, would be struck at an
impact speed v'< v (where v is the impact speed without activation). Hence, the relative risk becomes p(v')/p(v)
and so

N
total _ l 3 1+ exp(—a — bv;)
Eactive - 1 (2)
N ¢ 4 1+ exp(—a—bv'y)
i=

Integrated protection system

The integrated countermeasure combined both the passive and active countermeasures. To derive its effect, we
first estimated new impact speeds from the active system and then estimated the risk reduction from the
passive system with the same method previously used but using the new impact speeds.

Furthermore, the head WAD could change due to the autonomous braking. We know that the sliding effect of
the bicyclist on the hood is speed dependent, leading to higher wrap around distance for higher impact speeds.
On the other hand, pre-impact braking leads to pitching (lowering) of the car front which results in increased
sliding. This was considered in a previous study for pedestrians and these two effects more or less cancelled
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each other out and resulted in no total effect for pedestrians. We do not have this information for bicyclists so
for simplicity we decided not to adjust the impact point for braking in this study.

A bicyclist that would have been helped only by the passive countermeasure has a relative risk of 1 —e(v). A
bicyclist that would have been helped only by the active countermeasure has a relative risk of

(1 +exp( —a — bv ))/(1 +exp(—a - bv')). Finally, a bicyclist that would have been helped by both
countermeasures has a relative risk of (1 — e(v'))(1 + exp( —a — bv))/(1 + exp( —a — bv")). Putting the pieces
together, we get

1+exp(—a—bv;)
1+exp(—a—-bv'y)

1 _ 1
itvfgggrated N ?Izl(l - (1 - e(vi,))

) (3)

where v; = v; if the active countermeasure is not used and e(v;) = 0 if the passive countermeasure is not
helping. See also earlier study by Fredriksson & Rosén (2012) for more details and derivation of the
effectiveness functions.

Statistical methods

To derive confidence intervals for the estimated effectiveness, we applied the bootstrap method (Efron and
Tibshirani 1993). In this procedure, the original sample of 34 cases was used to generate another 1000
samples, each containing 34 cases, by random re-sampling with replacement from the 34 original cases. The
effectiveness was then re-derived for each of the 1000 samples. Finally, the lower and upper 95% confidence
bounds were chosen as the 2.5th percentile and 97.5th percentile of the 1000 estimates of effectiveness
respectively (i.e. the value of the 975th largest and 25" largest estimates of effectiveness). The bootstrap
samples were further used to compare the difference between the integrated system and the passive and active
countermeasures respectively. For each bootstrap sample, the ratio of the integrated effectiveness and the
passive and active effectiveness, respectively, were calculated. 95% confidence intervals for these ratios were
formed as the 2.5" and 97.5th percentiles of the 1000 bootstrap estimates.

RESULTS

In total we had 34 cases with sufficient information to estimate both passive and active protection potential.
The bicyclists, who had no limitation on age, were on average 48 years old with a body height of 169 cm, and
the car mean model year was 1996. Note that information on stature and model year was not available for all
cases. The impact speed for the 34 cases, which were all AIS3+ head injured when impacted by a passenger car
front, ranged from 12-91 km/h, with a mean value of 43 km/h (Table 3). 8 of the 34 bicyclists were fatally
injured. GIDAS does not conclude what injury was fatal.

Table 3. Descriptive statistics for the bicyclists in the sample (N = 34)

mean median min max n
age (years) 48 55 13 81 34
stature (cm) 169 171 107 191 28
car model year 1996 1996 1986 2011 33
car impact speed (km/h) 43 38 12 91 34




In 1 of the 34 cases (3%) the bicyclist was severely head injured by the hood area alone, 6% from the lower
windshield / I-panel area alone, 21% from the A-pillars alone, 24% from the roof edge alone, 9% from the
remaining glass area alone, while 3% had at least one severe head injury from other parts of the car and 35%
from the ground/surrounding. See Figure 3. This means that the passive system can potentially address all
AIS3+ head injuries for 29% of the bicyclists for the system 1&2 protection systems and 53% for the more
advanced system covering also the roof edge (system 3).

40% 359%
35% -
30% -
25% - 21%

20% -

15% - 9%

10% - 6%

o | 3% 3%
O% __- T . T T T T

Hood Low A-pillars Roof Glass Other Ground
area WS/IP edge  excl. carpart
Frame

24%

Figure 3. Distribution of injury sources (all AIS3+ head injuries for an injured bicyclist caused by the given
area, except for “other” where only one injury from this area is sufficient to classify as “other”)

The risk curve for AIS3+ bicyclist head injury was developed, see Figure 4. It shows the observed rates of
AIS3+ head injured bicyclists at different intervals of impact speed and the best-fit logistic regression curves.
The risk of severe (AIS3+) head injury is given in the function, p(v) = 1/(1+exp(6.1-0.080v)).
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Figure 4. AIS3+ head injury risk for bicyclists impacted by passenger cars, and the corresponding empirical
injury rates



Hence, the total effectiveness for active systems becomes:

protat _ L i | _ 1+ exp(61-0080v) W
active ™ N . 1+ exp(6.1 — 0.080v';)
i=
and for integrated systems:
1 i\ 1+exp(6.1-0.080v;)
integratea = 3 2iz1(1— (1 — e(,) M) (5)

Estimated effectiveness

Using the risk reduction functions the possible effectiveness of the protection system could be estimated for
each case. Note that if any of the AIS3+ head injuries was caused by a source outside the protected area, on the
car or in the surrounding, the effectiveness of the protection system in that case was set to 0. Finally, the total
effectiveness of the passive protection system for the 34 cases was summarized. The passive protection system,
based on a deployable hood and a windshield airbag, was estimated in the baseline version to protect 21% of
the severely head injured bicyclists from their AIS3+ head injury (system 1); that is, the AIS3+ head injury
effectiveness was estimated to be 21% (CI: 10-34%). For system 2, with a different airbag design protecting
better at higher speeds, but with the same coverage area, the effectiveness increased to 28% (CI: 14-45%).
Finally if the passive system coverage area was increased to also protect the roof edge (system 3), the
effectiveness increased to 38% (CI: 24-54%).

The effectiveness of the active AEB system was estimated in a similar manner, estimating in each case the
reduction in risk achievable by applying the AEB system, by estimating the maximum time the brakes could be
applied (depending on bicyclist visibility) and maximum braking level allowed depending on the road friction
condition.

The AEB system was estimated to protect 26% (CI: 14-38%) with the baseline version (system 1), activated up
to 60 km/h with the 40 degree field of view sensor and narrow trig width. When the active system was
enhanced to activate for bicyclists in all impact speeds (system 2), the effectiveness increased to 30% (CI: 15-
43%). Finally, if the system was enhanced further to activate also at a higher field of view and trig width
(system 3), it could potentially save 48% (CI: 32-63%) of the bicyclists from their severe head injury.

By combining the passive and active protection systems a system is created that first brakes the car
autonomously when a bicyclist is detected and if the impact cannot be avoided the passive system is activated
to mitigate the head injury.

For the baseline system, with version 1 passive and active systems, the integrated system effectiveness was
38% (CI: 24-52%). The more advanced system, with version 2 passive and active systems, increased the
effectiveness to 48% (CI: 32-64%), while the most advanced system, with version 3 passive and version
systems, resulted in an integrated effectiveness of 62% (CI: 47-76%) (see Figure 5). The integrated systems
had 29%-62% higher effectiveness than the best individual systems.
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Figure 5. Estimated effectiveness of the active, passive and integrated systems for three different
combinations

Significance estimation The ratios of the integrated and passive respectively active countermeasures were
calculated, see Table 4. In all cases, the confidence intervals contained values constantly larger than 1. Thus,
the effectiveness of the integrated countermeasures was significantly higher than either of the passive and
active countermeasures alone.

Table 4. Significance calculations of integrated effectiveness relative to active and passive effectiveness

Eintegratea’Epassive (95% CI) Eintegrated/Eactive (95% CI)
Version 1 1.9 (1.2-3.2) 1.6 (1.2-2.3)
Version 2 1.8 (1.2-2.9) 1.7 (1.2-2.7)
Version 3 1.7 (1.2-2.5) 1.3 (1.1-1.7)

DISCUSSION

Just like in the earlier study on pedestrians we made the assumption that head impact speed was equal to the
car impact speed. Earlier studies on pedestrians and bicyclists have shown both higher and lower head impact
speeds compared to the car impact speed. We also used the same passive risk curves for severe (AIS3+) head
injury as in the previous study on pedestrians, since this is a risk curve based on HIC value, i.e. the loading
that the head experiences, so it should not differ for different road users. However, the most important
difference between pedestrians and bicyclists is the head impact point, the injury source on the car, and that
was considered in this study.

For the active system we used a new risk curve since this is developed for the respective road user type and
includes e.g. the difference in injury location. Here we assumed that the head impact point did not change
however when an active protection system was introduced. This is a simplification, but as discussed in the
method section, also this parameter could change in both directions. The decrease in impact speed by an auto-
brake system is known to result in less sliding of the vulnerable road user on the car (less wrap around distance
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to head impact) but in the same time the pitch of the car front leads to more sliding (larger wrap around
distance). Therefore the assumption was made that the head impact point was unchanged. In a future study this
could potentially be studied in full-body simulations with a human body model, but then very precise
information about the accident, pedestrian direction, exact gait position, arm position, body angle etc is
necessary which is often not known.

This study was performed using the same analysis method and data source as a previous study for pedestrians
(Fredriksson and Rosén 2014). Bicyclist accidents are in one sense more challenging to the active sensor since
bicyclists have a higher speed than pedestrians, but also to the passive system to some extent since bicyclists
impact higher on the car. The current study on bicyclists accounted for this by increasing the field of view of
the active sensor, and the coverage area of the passive systems for the most advanced system. But in the same
time bicyclist accidents occur more frequently in day-light and dry conditions (Fredriksson, Bylund et al.
2012; Fredriksson and Rosén 2012) which increases the ability of especially the active sensor. These studies
show that there is a benefit to combine active and passive protection for bicyclists as well as for pedestrians,
which shows that that active and passive systems if designed right have the potential to protect both
pedestrians and bicyclists in car crashes.

We performed this study using the probably most representative and extensive traffic injury database available.
By doing so, and selecting the severely head injured bicyclists, we can estimate the effectiveness of reducing
severe head injury of bicyclists with different countermeasures. (Note, that we make the assumption then that
we do not raise the injury level for any person.) Although our estimations of the individual systems’
effectiveness could be argued to be somewhat ideal (we estimate that the passive sensor activates for all
crashes and that the active sensor has no other limitations than the parameters we chose), we made the same
assumptions/simplifications for the integrated as for the individual systems so the conclusions of the benefit of
the integrated system compared to the individual systems should therefore be sound.

Limitations

The data which this study is based on is from Germany, and the conclusions are therefore not valid for
countries where the car fleet or infrastructure is different.

CONCLUSIONS

This study analyzed the benefit of combining car-mounted passive and active protection systems for bicyclists.
If more and more cars in Europe are equipped with auto-brake functions is there still a need for passive
protection, or can the active systems replace the passive systems?

The analysis was performed using the most representative and extensive traffic injury database in Europe,
GIDAS, where all severely head injured bicyclists in car crashes were selected to study how many of those
could be protected with the different protection systems. The passive system consisted of deployable hood
lifters and windshield airbag, while the active system used autonomous braking. To analyze the sensitivity of
the analysis three different, but according to the authors reasonable, versions of passive respectively active
protection systems were included in the study. The performance of the systems was estimated based on
experimental tests at different impact speeds for the passive system, and by using computer reconstructions
where the sensor system was modeled for the active system.

The study shows that there is a significant benefit in combining car-mounted active and passive protection
systems for bicyclists. For the different versions of the systems, the integrated system was 29%-62% more
effective in protecting from injury than the best individual system.
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ABSTRACT

In this study, the available metrics for evaluating the crash pulse severity are reviewed and their accessibility is evaluated by
using the frontal New Car Assessment Program (NCAP) test data. The linear regression analysis and sled test simulations are
conducted. The new approach is proposed to evaluate the full vehicle crash performance by quantifying the crash pulse severity
and restraint system performance separately and objectively.

INTRODUCTION

The safety of occupants in a vehicle crash is highly dependent on the performance of vehicle structure and occupant
restraint system. In vehicle crash safety, the role of a vehicle structure is absorbing crash energy efficiently as well as
protecting the integrity of the occupant compartment. In general, the performance of vehicle structure is described
by the occupant compartment intrusion and vehicle crash pulse. Basically, the occupant restraint system is designed
based on the performance of the vehicle structure. So, it is desirable to evaluate the performance of vehicle structure
objectively and quantitatively.

In frontal vehicle crash tests, occupant compartment intrusion and vehicle crash pulse are the most fundamental
responses of a vehicle’s structure. The occupant compartment intrusion is considered as an objective metric for
quantifying the deformation severity of a vehicle structure. In general, a large compartment intrusion increases the
injury probability of lower extremity of occupants. The vehicle crash pulse is the time history of vehicle acceleration
and is used to calculate the changes of velocity and dynamic crush of a vehicle by integration. The vehicle crash
pulse is closely related to the head and chest injuries of occupants. However, the severity of the vehicle crash pulse
is difficult to be quantified objectively because the injury responses of dummy head and chest are also closely
associated with restraint system performance. The crash pulse severity should be an objective measure of how
severely the vehicle crash pulse has an effect on the occupant injury. Basically, it is regarded that less severe crash
pulses possibly lead to less severe occupant injury.

Recently, there have been many vehicle safety research activities by re-designing current vehicles. For example, a
current vehicle is light-weighted by using light-weight materials, and enforced structurally to meet the requirements
of new regulatory tests (e.g. 1IHS small-overlap frontal test and NHTSA oblique frontal test). When a current
vehicle is re-designed, its crash pulse is changed accordingly and existing restraint system is not performing as it
was designed any more. Then, it is difficult to conclude how its crash performance gets better or worse than the
original one, especially in terms of crash pulse.

Many metrics were introduced and utilized to evaluate the severity of vehicle crash pulse [1-11]. Those metrics are
derived from vehicle crash pulse in the frontal impact and can be categorized into 4 groups in the way of how
occupant responses are considered. However, their assessability of the crash pulse severity is still uncertain. The
objective of this study is to evaluate the assessability of available metrics for quantifying vehicle crash pulse severity
in front crash. The vehicle crash pulses of the front New Car Assessment Program (NCAP) tests are utilized. Also, a
new approach to evaluate the full vehicle crash performance is proposed.

REVIEW OF EXISTING METRICS
In this study, some of existing metrics for evaluating vehicle crash pulses in frontal vehicle crash are reviewed. The

existing metrics can be categorized into four groups: (1) metrics based on vehicle crash pulse only, (2) metrics based
on vehicle crash pulse with assumed occupant response, (3) metrics based on vehicle crash pulse with actual
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occupant response, and (4) combined metrics with the aforementioned metrics. The velocity v(t) and displacement
d(t) are obtained by integration and double integration of the acceleration a(t), respectively.

Categoryl: Metrics Based on Vehicle Crash Pulse Only
In the categoryl, the metrics are obtained from the vehicle crash pulse only. Dummy responses in the test are not

considered. Therefore, these metrics are independent of occupant restraint system and represent an objective,
quantified value of the vehicle crash pulse. However, they can hardly predict dummy responses.

Maximum_acceleration (&), is simply the maximum value of a vehicle acceleration curve over the
duration of the crash event.

- - =\ At -
e Moving average acceleration (@)~ is calculated as

t+At

@™ :Ait j a(r)dr, (1)

where t is time and At is a moving time interval. If At is the duration of the crash event, the moving average
acceleration becomes the average acceleration. The upper bar indicates the average value. In general, maximum

moving average acceleration (&), is used.

e Delta-V AV is the total vehicle velocity change over the duration of the crash event, as expressed by
AV =)o =(Vimin | @

e  Time To Zero Velocity (TTZV) (t),_, is the time when vehicle velocity becomes zero.

e Maximum dynamic displacement (d)max is simply the maximum value of a vehicle displacement curve over
the duration of the crash event.

Category2: Metrics Based on Vehicle Crash Pulse with Assumed Occupant Response

In the category2, an occupant restraint system is assumed and the metrics are derived from the dummy responses
with the assumed restraint system under a given vehicle crash pulse. So, these metrics are independent of actual
dummy responses in tests, but they are dependent on a virtual, uniform restraint system. Hence, they represent the
objective quantified value of vehicle crash pulse and can predict dummy responses.

In general, the vehicle crash model and the restraint system are simplified in the category2. The common simplified
model is a Spring-Mass (SM) system as shown in Figurel. In the SM model, the occupant is assumed as a point
mass and the restraint system is a simple spring system. Subscripts V and O stand for vehicle and occupant,
respectively. M is the vehicle mass, m is the occupant mass, k is the spring stiffness, and ¢ is the initial slack between
the occupant and restraint system. The upper wave indicates the prescribed motion which is a given vehicle crash
pulse. In the actual crash test, the spring is highly nonlinear to represent the operation of seatbelt and airbag.
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Figurel. The model of a simple Spring-Mass (SM) system.

e The Equation Of Motion (EOM) of the SM model is defined as

a0 +o,-do(t) =4, (1),

®)

where @, =,/k/m . The analytical solution of the EOM aS" is in the form of the convolution integral

expressed as

a3 (1) =Y, (0)-, [ &, () sinfe, (- D}z

(4)

¢ In the flail-space model [1], the spring stiffness k is assumed to be zero, which indicates that no restraint system
is present. So, the occupant moves freely. The allowable moving distance of the point mass is assumed to be 0.6
m. At the instant of occupant impact with the occupant compartment interior, the largest difference in velocity is
termed the Occupant Impact Velocity (OIV). Once the impact with the interior occurs, the occupant is assumed

to remain in contact with the interior and to be subjected to any subsequent vehicular acceleration.

Figure2 shows the velocity curves in a frontal NCAP test. The black curve is the test vehicle velocity and the red
curve is the test occupant (chest) velocity. The occupant is restrained by a certain restraint system. In special cases, it
can be assumed that the occupant velocity is prescribed, like the blue dot curve in Figure2, by a special restraint

system. In this special case, the occupant translates freely with the initial velocity Vg, (O) until the point A. The
point A represents the distance of the initial slack J. This phase is called free flight. After reaching the point A, the
occupant is decelerating with a constant acceleration a, until it reaches the point B. At the point B, the relative

velocity Vg, of the occupant to the vehicle becomes zero. This phase between the point A and the point B is

called ideal restraint because the occupant has the constant minimum acceleration under a given crash pulse. So, this
prescribed occupant velocity is the ideal velocity of the occupant in frontal crash and this special restraint system
can be considered as the ideal restraint system. Compared to the SM model, the spring stiffness k will be nonlinear
to maintain the constant deceleration of the occupant.
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Figure2. Prescribed occupant response in the NCAP test.
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e In the Occupant Load Criterion (OLC) metric [2], it is assumed that the initial slack ¢ is 65 mm and the
distance between the vehicle and the occupant at the point B is an additional 235 mm. Then, given the point A

and the point B, the constant acceleration @, becomes the critical occupant response which is called the OLC

(G). Basically, the OLC means the minimum occupant acceleration induced by a given crash pulse under the
protection of the ideal restraint system.

e In the Maximum Chest Travel (MCT) metric [3], it is assumed that the initial slack ¢ and the constant
acceleration @, are predefined. Then, the distance between the point A and the point B is the critical occupant
response. This distance is called the MCT (mm).

Category3: Metrics Based on Vehicle Crash Pulse with Actual Occupant Response

In the category3, metrics are obtained from both vehicle crash pulse and actual dummy responses in the test. The
metrics are dependent on the dummy responses and restraint system performance in tests. Basically, those metrics
identify the contribution of restraint system performance to the full vehicle crash performance. So, they quantify the
vehicle structure performance in terms of crash pulse and the restraint system performance, but they are not the
objective, quantified value. In general, they are in percentage terms.

e Occupant restraint performance during vehicle deceleration is measured as the relative velocity of the occupant

in vehicle divided by the maximum velocity change of the vehicle which is AV . This ratio is called the
Restraint Quotient (RQ) [4] expressed as

Vv
RQ. = ~OC/V 5
Qc AV )
where
Vociv =Voc =W (6)

and the subscript C stands for chest. It normally varies between 0 and 1. A RQ value of O represents an occupant
rigidly coupled to the vehicle interior and a value of 1 indicates that the occupant attains the total velocity
change of the vehicle before impacting the vehicle interior. The lower the RQ, the better the restraint
performance in a crash. The relative kinetic energy per unit mass is calculated using the maximum relative
occupant velocity normalized by a velocity of 5 m/s, which is called kinetic energy factor (E) [4] expressed as

vV 2
E. JOCé%_ @

e Inthe SM model in Figurel, the energy per unit mass (or energy density) of an occupant can be expressed as

dy dy
e=[a,(\)dxy = [a5 (XA (X, +Xop) =€ +6,, ®
0 0
where
dy
€q = I ao (x)dx, , ©9)
0
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d
& = [0 ()dxq,y ,and (10)
0

Xop =Xo — Xy - (11)

erq IS called the ride-down energy density and e is the restraint energy density [5-10]. The ride-down energy is
attributed to the crush of the front structures of the car and the restraint energy is dissipated by the crushing of
the restraint system components. Then, the ride-down efficiency x is obtained from

_ (erd )max (12)

H=——""—.
{v(0)¥ /2
This metrics reflect the percentage of total kinetic energy absorbed by the vehicle structure.

Category4: Combined Metrics Using the Aforementioned Metrics

In the category4, the metrics are defined as the linear combination of the aforementioned metrics. Mostly, certain
metrics are combined to improve better prediction of occupant injury.

e In the Expanded AV [11], AV is expanded by combining with other metrics. Three expanded AV metrics
were proposed as

Expanded AV-1=a,AV +a,u+a,E_, (13)
Expanded AV-2=a,AV +a,(a)% +a,RQ., and (14)
Expanded AV-3=a,AV +a, ()~ +a,E,, (15)
where aj,a,, and az are coefficients.
e Inthe OLC++ [2], OLC was augmented as
OLC++=a,0LC+ taz ra, @) (16)

v=0

where aj,a,, and as are coefficients.
DATA ANALYSIS
The aforementioned metrics’ assessability of crash pulse severity is evaluated using frontal NCAP test data. A total of
60 frontal NCAP test data, collected from the MY 2012 vehicle test program, are analyzed. The linear regressions of
each pair of all metrics and their R? values are examined. The larger value of R? indicates better fits. It is considered
that the pair of two metrics has a linear correlation if the R? is greater than 0.5.
It seems that the metrics in Category2 are the fairly appropriate metrics for evaluating the crash pulse severity since
they are the objective metrics associated with both vehicle crash pulse and uniform restraint system. So, the
relationship between the metrics in Category2 and other metrics are investigated.

Tablel summarizes the linear regression results between Categoryl and Category2. The R? values of each pair are
shown in Tablel. It is observed that the OLC and MCT have relatively high R? values with maximum acceleration,
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maximum moving average acceleration, TTZV, and maximum dynamic crush. However, OIV has low R? values.
Especially, Delta-V has very low R? values with OLC and MCT. Interestingly, although the metrics in Category1 are
purely obtained from vehicle crash pulse only without dummy response information, the metrics in Categoryl have
a good linear correlation with the OLC and MCT in Category?2.

Tablel. Linear regression results between Categoryl and Category?2 (highlighted cell indicates that R? is greater than 0.5).
R olv oLC MCT
Max. Accel. 0.214 0.527 0.445
Max. Moving Average Accel. (At=25msec) 0.477 0.735 0.607
Delta-V 0.395 0.002 0.029
TTZV 0.281 0.859 0.793
Max. Dynamic Crush 0.051 0.678 0.704

Table2 summarizes the linear regression results between Category2 and Category3. It is observed that the OLC and
MCT have high R? values with the metrics in Category3, but OIV has very low R? values. Basically, the metrics in
Category3 describe the actual effects of the vehicle crash pulse and restraint system on the dummy responses in the
test. So, the high linear correlation between OLC and MCT in Category2 and the metrics in Category3 indicates that
the OLC and MCT are able to predict the effect of the vehicle crash pulse on the dummy response and assess the
crash pulse severity adequately.

Table2. Linear regression results between Category2 and Category3 (highlighted cell indicates that R? is greater than 0.5).
2

R o OLC MCT

RQc 0.051 0.669 0.679

Driver Ec 0.098 0.705 0.680
Ride-Down Efficiency 0.058 0.617 0.624

Passenger RQc 0.056 0.515 0.504
Ride-Down Efficiency 0.120 0.474 0.447

Table3 summarizes the linear regression results between the aforementioned metrics and dummy injuries in the
NCAP tests. It is observed that the R? values of all pairs between metrics and dummy injuries are very low. The
Delta-V is commonly used to address the crash severity, but it can hardly predict the dummy injuries as well.

Table3. Linear regression results between metrics and occupant injury responses.

Driver (H3 50% male) Passenger (H3 5% female)
R? HIC Chest Peak | Chest Peak HIC Chest Peak | Chest Peak
51 Accel. Deflection 51 Accel Deflection
Max. Accel. 0.000 0.043 0.057 0.003 0.125 0.015
Max. Moving Average Accel. (At=25msec) | 0.002 0.139 0.064 0.013 0.284 0.005
AV 0.003 0.007 0.019 0.005 0.001 0.055
TTZV 0.005 0.101 0.060 0.018 0.339 0.016
Max. Dynamic Crush 0.022 0.055 0.036 0.017 0.224 0.025
o 0.023 0.070 0.039 0.001 0.186 0.002
OLC 0.014 0.090 0.023 0.026 0.342 0.005
MCT 0.021 0.075 0.016 0.026 0.305 0.012
RQc 0.009 0.086 0.056 0.028 0.178 0.069
Driver Ec 0.013 0.084 0.044 0.030 0.196 0.042
Ride-Down Efficiency 0.010 0.113 0.052 0.052 0.201 0.081
Passenger _ RQc _ 0.002 0.036 0.034 0.026 0.109 0.075
Ride-Down Efficiency 0.001 0.106 0.067 0.020 0.137 0.120
Expanded AV-1 0.012 0.082 0.037 0.024 0.192 0.030
Expanded AV-2 0.005 0.110 0.053 0.022 0.220 0.042
Expanded AV-3 0.010 0.096 0.043 0.025 0.217 0.030
OLC++ 0.014 0.092 0.043 0.019 0.310 0.010

Based on the linear regression of the metrics shown in Tablel and Table2, it is found that some of metrics fairly can
assess the crash pulse severity. Especially, it seems that the OLC has the high accessibility of crash pulse severity
according to its high linear correlation to many metrics in Categoryl and Category3. However, none of metrics can
predict dummy injuries. Every vehicle has its own uniquely designed restraint system, and the dummy responds very
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sensitively to various restraint system performances. Moreover, crash tests have very high dispersion errors in
dummy injuries in general. In these circumstances, it is very difficult to predict dummy injuries in frontal crash
using existing metrics.

SLED TEST SIMULATIONS

In order to identify the effect of vehicle crash pulse and restraint system on dummy responses, sled test simulations
with Hybrid I11 50th male dummy FE model are conducted using all different 60 NCAP crash pulses. Two cases are
considered for each sled test simulation; (1) fix dummy clearance dimensions and (2) adjust some of dummy
clearance dimensions, such as CS (chest to steering hub), SCA (steering column angle), and KD (knee to dash). The
uniform generic restraint system (seatbelt and airbag) is utilized for all sled test simulations. The dummy responses
in sled test simulations are monitored.

Figure3 shows the linear regressions of chest peak accelerations in NCAP tests and sled test simulations. They show
little correlation between two tests. Since the sled test simulations utilize the NCAP crash pulses, main difference
between two tests is that all the different restraint systems are used in NCAP tests and one uniform restraint system
is used in sled test simulations. It can be interpreted as the data dispersion is mainly caused by the various restraint
system performances in the NCAP test vehicles.
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Figure3. Data distribution of chest peak acceleration in NCAP tests vs. chest peak acceleration in sled test simulations

Figure4 shows the linear regressions of chest peak accelerations in sled test simulations and the OLC metric. They
show high correlation between two metrics. In other words, the OLC metric is able to predict dummy responses and
injuries if the uniform restraint system is used in all test vehicles. Also, it can be observed that the different dummy
clearance dimension makes the degree of data dispersion increase, but the linear correlation is still high.
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DISCUSSION

It seems that the Category3 provide an ideal approach to evaluate a full vehicle crash performance by quantifying
both the vehicle structure performance and restraint system performance separately, where the vehicle structure
performance includes only the crash pulse severity, but not the occupant compartment intrusion. However, the
metrics in the Category3 are objective. The performance of the restraint system in vehicles are various in frontal
crash tests. Moreover, the restraint system performance is dependent on the crash pulse severity, which means that
the restraint system performance is coupled with crash pulse severity. So, it is difficult to quantify the restraint
system performance objectively by de-coupling from the effect of a vehicle crash pulse. In this study, a new
approach is proposed to evaluate the full vehicle crash performance by quantifying the crash pulse severity and
restraint system performance separately and objectively. The new approach makes the restraint system performance
de-coupled from the effect of the vehicle crash pulse.

Figure5 shows the three datasets of occupant chest peak accelerations with respect to maximum moving average
acceleration of vehicles. The first dataset, red squares, is the OLC values. This dataset shows good linear correlation
with high R? value. Basically, the OLC metric indicates the minimum occupant acceleration under a given crash
pulse. Therefore, the OLC data forms the lower boundary in Figure5. The second dataset, green triangles, is the
occupant peak accelerations obtained from the analytical solution (Eq. 4) of the SM model with the constant spring
stiffness k. This dataset also shows good linear correlation with high R? value. Because the restraint system is
regarded as a simple linear spring, the occupant response in the SM model under a given crash pulse is likely worse
than the one with actual restraint system. Maybe the occupant response in the SM model with the linear spring will
be the worst under the given crash pulse. Hence, it can be seen that the occupant peak acceleration in the SM model
forms the upper boundary in Figure5. The linear regression slopes of two datasets (red squares and green triangles)
are actually very close. So, the OLC metric with respect to maximum moving average acceleration of vehicles is
considered as the crash pulse severity metric and the crash pulse severity index is defined by normalizing the crash
pulse severity metric.

In Figure5, the third dataset, blue rhombuses, is the chest peak accelerations (driver) in the frontal NCAP tests.
These data points are distributed between the lower and upper boundaries formed by two datasets (red squares and
green triangles). Some data points are close to the lower or upper boundaries, that is, those data points are close to
their minimum or maximum values in their crash pulse severity levels. The rational explanation of the data
dispersion between two boundaries is because the different restraint system performance in every vehicle in the
frontal NCAP tests. So, in order to de-couple the restraint system performance from the crash pulse effect, the third
dataset is mapped to the OLC-axis plane and normalized to generate the restraint system performance index.

HEOLC (G) A Occupant Peak Acceleration (G) in SM model # Chest Peak Acceleration (G, driver) in NCAP test

60

.
o

Acceleration (G)
&
S
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Figureb. Data distribution of max. moving average acceleration vs. OLC, occupant peak acceleration in SM model, and chest
peak acceleration (driver) in NCAP test.

The crash pulse severity index and restraint system performance index are objective and independent each other.
Two indices describe the full vehicle crash performance in the frontal NCAP test. Figure6 shows the data
distribution of the full vehicle crash performance in two indices plane, which is very informative. For instance, the
point A in Figure6 means low crash pulse severity but poor restraint system performance, and the point B indicates
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high crash pulse severity but good restraint system performance. Practically, when the vehicle crash pulse is known,
the plot in Figure5 shows the crash pulse severity and the range of the dummy chest peak acceleration, and the plot
in Figure6 tells the performance of the current vehicle’s restraint system in the frontal crash.
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CONCLUSIONS

In this study, the existing metrics for evaluating the crash pulse severity are reviewed and categorized into four
groups: (1) metrics based on vehicle crash pulse only, (2) metrics based on vehicle crash pulse with assumed
occupant response, (3) metrics based on vehicle crash pulse with actual occupant response, and (4) combined
metrics with the aforementioned metrics.

Their accessibility of crash pulse severity is evaluated by using the frontal NCAP test data. A total of 60 frontal
NCAP test data, collected from the MY 2012 vehicle test program, are analyzed. The linear regression analysis
shows that some of metrics fairly can assess the crash pulse severity. Especially, it seems that the OLC has the high
accessibility of crash pulse severity according to its high linear correlation to many metrics in Categoryl and
Category3. However, none of metrics can predict dummy injuries.

The sled test simulations are conducted using the NCAP pulses. The uniform generic restraint system (seatbelt and
airbag) is utilized for all sled test simulations. The results conclude that the various restraint system performances in
the NCAP test’s vehicles cause a big variation in dummy responses and make it difficult to predict dummy injuries
in the frontal NCAP test.

The new approach is proposed to evaluate the full vehicle crash performance in the frontal NCAP test by quantifying
the crash pulse severity and restraint system performance separately and objectively. The crash pulse severity index
is defined by normalizing the OLC metric, and then the restraint system performance index is defined by de-
coupling the restraint system performance from the crash pulse effect. Two indices describe the full vehicle crash
performance in the frontal NCAP test. The new approach provides a quantitative and objective way to analyze the
crash performance of a vehicle in the frontal NCAP test.
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ABSTRACT

City Safety is a low-speed autonomous emergency braking (AEB) technology, first made available as standard by Volvo
on their XC60 model series, and released in the UK in 2008. This technology has since been made available on a growing
number of models, including the high volume seller Volkswagen Golf 7. This paper presents an analysis of the impact of
AEB in the UK on claim losses using real world Insurer claims data. Statistical regression was used to compare the claims
losses for the XC60 to that of a SUV control cohort of vehicles without any such system, and quantify any AEB effects
identified. The influences of calendar year and vehicle age on claim risk were accounted for in the analysis. Estimated
claim frequencies for the XC60 were lower than those of the control cohort, in all liability types: 8% lower for Third Party
Damage, 6% lower for Own Damage, and 21% lower for Third Party Injury. More recently this approach has been
employed to compare claim frequencies for the Golf 7 with the Front Assist AEB system with that of a Small Family car
control cohort of vehicles, with similar qualitative results observed from an analysis of the initial data available.
Furthermore a study of claim damage severity based around claim costs and repair times estimated lower severity levels
for the XC60 relative to control cohorts, for own damage liability, of the order of 10%-15%. This study is the first of its
kind using UK claims and indicates the potential benefit of AEB technology. Further statistical analysis is intended with
additional risk information for the XC60 and Golf 7, and other AEB study vehicles.

INTRODUCTION

In recent years, collision avoidance or mitigation systems have become a feature on an increasing number of
new vehicles, and show the potential to reduce injury and vehicle damage. Autonomous Emergency Braking or
"AEB’ is a safety technology which monitors the traffic conditions ahead and automatically brakes the car if
the driver fails to respond to an emergency situation. AEB systems use various different names even where the
functionality is similar. Systems also feature different sensors to monitor the traffic situation, such as cameras,
lasers and radars. Some systems use a number of these together in sensor 'fusion'. These systems also have
different speed ranges where they are active and they have different injury reduction potential. City Safety is a
low-speed AEB technology, first made available as standard by Volvo on their XC60 model, and released in
the UK in November 2008. The technology is designed to help prevent or mitigate front-to-rear impacts, at
speeds up to 30 km/h, which is one of the common types of crashes. However City Safety may well have an
effect in other crash configurations so long as the collision speeds are minimal and its sensor has time to allow
a vehicle to react. City Safety works using a LIDAR (light detection and ranging) sensor mounted onto the
upper windscreen to detect other vehicles travelling in the same direction around 6-8 metres in front of the
vehicle. This technology has subsequently been fitted as standard to a number of other Volvo vehicles. This
sensor is manufactured by Continental and is low cost, and as such has allowed proliferation.

The Volkswagen Golf 7 has the Front Assist AEB system fitted as standard to all of its trim levels with the
exception of the base version, and has been available in the UK since November 2012. This system consists of
a long-range RADAR (radio detection and ranging) manufactured by Bosch and fitted to the front grille, and
can detect vehicles up to 80m ahead. Front Assist applies full braking up to 30km/h, and between 30-80km/h
provides driver warning of a stationary object; between 30-200km/h the system applies its full capacity of
driving warnings, partial braking and brake assistance.



A number of international studies have used real world data to establish the impact of AEB on claims’
frequency and cost. In the USA the Highway Loss Data Institute (HLDI) have conducted statistical studies
around the experience of the Volvo XC60 and S60 compared with appropriate vehicle control cohorts, while
controlling for factors such as age, gender, population density, US State, and calendar year [1-2]. Since the
City Safety system has been standard fit, identification of a cohort of appropriate vehicles was simple. Their
research also addresses a possible “Volvo-effect’ by comparing the loss experience of these Volvo City Safety
vehicles against Volvos without it. Their most recent published results on this demonstrated frequency
reductions arising from City Safety [3-4], for each of 1st and 3rd party damage and 3rd party injury liabilities.
A similar analysis of damage severity using claim cost data generated mixed results.

A Swedish study carried out jointly by the Volvo Car Corporation and the leading Swedish Insurer Volvia
focused solely on rear-end crashes [5]. In particular the real world data was used to measure the effectiveness
of City Safety in avoiding crashes for the striking vehicle, by comparing the XC60 against other Volvo car
models without this technology, while controlling for car ownership and size types. Their analysis
demonstrated 23% effectiveness for City Safety in reducing front-into-rear crashes, when compared against a
selection of other Volvo models, and 30% effectiveness when compared against XC70. Another recent
Swedish study undertaken by Folksam [6] to analyse police reported front-into-rear crashes with at least one
injured occupant, used the induced exposure method to compare a range of City Safety models to a selection of
different control cohorts and for different impact speed ranges. Results demonstrated a range of levels of
effectiveness of City Safety. A preliminary analysis was carried out by AZT Automotive/Allianz on the claims
experience for the XC60 City Safety in Germany [7]. In their modelling of this they compared the XC60 to a
number of its competitors, while controlling for a number of factors, for both comprehensive coverage and
third party liability coverage. The conclusion of this study indicated no clear City Safety effect on claim
frequency or average; however the selection of competitor vehicles was limited.

Because avoiding or mitigating the speed/severity of a crash is going to have a beneficial effect for society by
reducing injuries and damage to vehicles, it is important to study the impact of such systems on UK roads. The
research presented in this paper is concerned with an analysis of the effect of the Volvo City Safety and
Volkswagen Front Assist on UK claim experience using available real world data, and the implications for
injury reduction.

METHODS

This study uses real world insurance claims data to analyse the effects of AEB on claim frequencies and costs,
focusing primarily on the Volvo XC60 with City Safety fitted as standard since November 2008, but also the
Volkswagen Golf 7 with its Front Assist system. All collision types are considered, not just front-into-rear impacts
that AEB is designed to address. Potential AEB benefit is measured by comparing the XC60 against a control cohort
of appropriate small SUV models without AEB fitted, and similarly for the Golf 7 (AEB) and a small family car
control cohort.

The XC60 sits in the compact (small) SUV class, with a UK new purchase price varying between £25,000 and
£40,000 at the time of writing. Some are fitted with 4-wheel drive whilst others with 2-wheel drive. A cohort of
control vehicles were selected to include some 4x4s and some “cross-overs’, all seen as being similar to the XC60
and also likely to feature in any such buyer’s potential list. Of these vehicles only those with build dates of 2008 or
later were used. The Golf 7 is a small family car and currently the third most popular selling vehicle in the UK,
launched in late 2012. AEB is fitted as standard on all its trim levels with the exception of the base model. A control
cohort of small family cars was selected to compare against, which includes the Golf 6 model and Golf 7 base
model.

The analysis is carried out separately across the liability types Own Damage, Third Party Damage and Third Party
Injury. An Own Damage claim relates to claims payable to the insured party for damage to their vehicle. In practice
this primarily includes at-fault claims involving other vehicles or fixed objects, but also covers non-fault incidents
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such as hit by unknown third party, weather damage, animal strike, and possibly vandalism. A Third Party Damage
claim relates to the struck vehicle or object for the third/other parties. A Third Party Injury relates to third/other
parties injured through the actions of the insured/policyholder.

Data Sources
Two datasets featured in this study, with key characteristics and differences listed in Table 1.

Insurer Dataset: A request for anonymous claims data was submitted to UK Insurers in 2013 to monitor
the effects of AEB. This was completed by 12 Insurers and represents nearly 60% of the motor Insurance
market in the UK by gross written premium. The resulting dataset includes claims count, cost and exposure
information for the XC60 and Golf 7 and their respective control cohorts. For the XC60 study claims dating
2009 to Mid-2014 were collated, and for the Golf 7 this date range was 2013 to Mid-2014. Exposure is defined
in Insured Vehicle Years (IVYs), whereby a vehicle insured for 6 months would have an exposure of 0.5.

Research Claims Database: This database of Insurer authorised vehicle repair claims is utilised by
Thatcham for research purposes, and includes approximately 90% of the UK Insurance market by volume. The
claims data held within the Research Claims Database lends itself to a study of damage severity, given that it
contains information on repair costs and times, for a wide range of vehicles. Claims are for all liability types,
but are mostly unidentifiable in this database; however the vast majority is related to vehicle collision damage.
It has been assumed that claims involving damage to a front bumper are the striking vehicle, and therefore
classifiable as Own Damage; however it is noted that front bumper damage could arise if a given vehicle is
struck by a reversing vehicle, but this is a relatively minor subset. This analysis has been undertaken on the
XC60 only to date.

Tablel.
Summary of available dataset characteristics and differences.

Insurer Dataset Research Claims Database Dataset

Liability Type Identifiable by Own Damage, Third Party =~ Not available; estimates with front bumper

Damage, Third Party Injury damage assumed to be Own Damage
Impact circumstance Not available Not available
Claim Status Settled and outstanding Authorised Insurer claims; some retail
Claim Count Split by vehicle Make/Model/Variant Split by vehicle Make/Model/Bodyshape
Claim Cost Cost to Insurer; Include ancillary costs Repair costs and times; no ancillary cost

where appropriate information

Exposure Included Not available
Total Losses Included; not identifiable Included; identifiable
Claim Year 2009 to Mid-2014 2009 to 2014
Vehicle Age 2008-on 2008-on

Statistical Analysis

Claim frequency is the number of claims in a period of unit exposure, typically recorded in insured vehicle years.
Vehicle claim severity may be measured as an average claim cost or average repair time. A generalised linear model
was employed to model this claim frequency (per 100 Insured Vehicle Years) or claim severity as response
variables, with model series and claim calendar year as predictor variables. These statistical models were used to
compare the AEB study vehicle (XC60 or Golf 7) loss experience with that of the weighted average of the
appropriate control cohort, while controlling for effects of calendar year. A Poisson distribution was used for the



claim frequency analysis and a Gamma distribution for the claim severity analysis, in both cases using a logarithmic
link function.

The AEB study vehicle was set as the baseline for the model series variable, and all its control cohort vehicles were
calculated relative to it. Given that the response variable is related to model series categorical variables by a log link
function, the relative ratio of a given model series to the AEB study vehicle baseline level is found by taking the
exponential of its regression coefficient.

Frequency analysis was carried out using the Insurer dataset, given that this included data on exposure by model
series. Severity analysis presented here utilised the Research Claims Database dataset, looking separately at estimate
costs, parts costs and repair times. A number of key factors may potentially distort the findings of the analysis of
claim severity, which are outlined here along with approaches adopted to counter their influence:

1) Claim costs are not only influenced by levels of damaged incurred, but also by the cost incurred in replacing the
parts (the replacement parts cost). It is therefore sensible to control for the effect of varying parts costs in a severity
analysis based around claim costs. This was achieved by limiting the control cohort vehicles to only those with
comparable parts costs to that of the XC60.

2) Differences in vehicle design will result in variation in levels of damage sustained, and this must be taken into
consideration when drawing conclusions from an analysis of impact severity based on repair times. For example,
some of the SUV cohort will have different repair or styling strategies. This will also be affected by passive
pedestrian protection strategies that can increase component damage in a given impact. This design issue has been
investigated using an alternate measure of vehicle susceptibility to damage, discussed below (see Results: Severity
Analysis).

3) Vehicle Age is an important factor in explaining claim frequency and cost, with newer vehicles likely to have
higher claim incidence relative to older vehicles, but lower claim costs and times. Therefore vehicles registered pre-
2008 have been excluded from the XC60 analysis, and vehicles registered pre-2013 have been excluded from the
Golf 7 analysis. Also vehicle age where available has been used as a predictor.

4) Vehicle Mass in theory can influence damage severity, with a lighter vehicle more likely to sustain more damage
than a heavier vehicle. However an analysis of vehicle kerb weight for the model series’ under consideration here
does not show any correlation with repair costs or times.

RESULTS

Frequency Analysis: Volvo XC60

A Poisson regression analysis was carried out separately for damage and injury liabilities. Table 2 summarises the
results obtained for the predictors for Third Party Injury, while Table 3 provides details of the statistical model
output for each control vehicle and calendar year. The intercept value corresponds to the claim frequency for the
baseline, which is the claim frequency for the XC60 in 2014. All other coefficients are relative to these.

Table2.
Predictors for Third Party Injury
Degrees of Freedom Wald Chi-Square P-Value
Model Series 27 106.5 < 0.0001
Calendar Year 5 31.75 < 0.0001




Table3.
Frequency Analysis for Third Party Injury: Statistical Output

95% Wald
Confidence Interval Hypothesis Test
Standard Wald Chi-  Degrees of
Category Variable Coefficient Error Lower Upper Square Freedom P-Value
Intercept -5.18 .0840 -5.345 -5.016 3803.67 1 <0.0001
Chevrolet Captiva 2007 734 1615 417 1.050 20.64 1 <0.0001
Chevrolet Captiva 2011 534 2361 .071 997 5.11 1 .024
Honda CRYV 2010 .088 .1047 -.118 293 .69 1 403
Range Rover Evoque 2011 400 1135 178 .623 12.46 1 <0.0001
Land Rover Freelander 2007 212 .0854 .045 .379 6.17 1 013
Land Rover Freelander 2011 .073 .1833 -.286 432 .16 1 .691
Suzuki Grand Vitara 2007 .106 1555 -.199 411 47 1 494
Suzuki Grand Vitara 2011 220 1874 -.147 587 1.38 1 .240
Hyundai X35 2010 .194 .1032 -.008 .396 3.54 1 .060
Renault Koleos 2008 433 .1388 161 705 9.75 1 .002
Ford Kuga 2008 .149 .0862 -.020 318 2.99 1 .083
Mercedes M Class 2009 428 .1020 228 .628 17.64 1 <0.0001
Mitsubishi Outlander 2007 -.063 2414 -.536 410 .07 1 793
Mitsubishi Outlander 2011 123 2176 -.304 .550 32 1 572
Audi Q3 2011 218 1372 -.051 487 2.52 1 112
Audi Q5 2009 .307 .0966 117 496 10.08 1 .001
Nissan Qashqgai 2009 287 .0835 123 451 11.81 1 .001
Toyota Rav 4 2010 -.042 1579 -.351 .268 .07 1 792
Lexus RX 2009 518 1232 276 759 17.65 1 <0.0001
Kia Sportage 2010 401 .0950 215 .588 17.87 1 <0.0001
Volkswagen Tiguan 2008 155 .0873 -.016 326 3.15 1 .076
Nissan X-Trail 2008 .078 1336 -.184 .340 34 1 .559
BMW X1 2010 .000 .1143 -224 224 .000 1 .997
BMW X3 2007 .090 .1602 =224 404 32 1 574
BMW X3 2011 153 2555 -.348 .654 .36 1 .549
Volvo XC90 2007 465 .1013 266 .663 21.04 1 <0.0001
Volvo XC90 2010 .539 1291 .286 792 17.45 1 <0.0001
Volvo XC60 2009 0 0 0 0 0 0
2009 .248 .0879 .076 421 7.99 1 .005
2010 264 .0624 .141 .386 17.85 1 <0.0001
2011 263 .0526 .160 .366 24.97 1 <0.0001
2012 170 .0486 .074 265 12.17 1 <0.0001
2013 125 .0460 .035 215 7.39 1 .007
2014 0 0 0 0 0 0

From the Insurer dataset there were 177 XC60 Third Party Injury claims from a corresponding 26,715 insured
vehicle years. This actual claim frequency of 0.66 per 100 insured vehicle years is compared against those estimated
for the control vehicles. The XC60 is found to have an injury claim frequency that is 21% lower than that of the
weighted average of the control cohort, with a 95% confidence interval for this result estimated between 8% and
32%. Figure 1 depicts the actual claim frequency for the XC60, and the estimated claim frequency for control cohort
vehicles with confidence intervals relative to the XC60. Three of the control vehicles are found to have lower claim



frequencies than the XC60, but these are not statistically significant. A number of the control vehicles with claims
frequencies higher than the XC60 are also not significant.
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Figurel. Claim frequency for Volvo XC60 compared to control SUVs: Third Party Injury.

Table 4 summarises the results of the analysis across all three liability types, and a combined Own Damage and
Third Party Damage category. In all liability types the model series and calendar year variables were statistically
significant, and the XC60 is found to have a lower claims frequency compared to the weighted average of the

control cohort.

Table4.
Summary of Liability Results for XC60 compared to SUV Control Cohort
XC60 SUV Control XC60 Claim Frequency
Reduction
Exposure Claim Claims per  Claims per 100 % Confidence
(IVYs) Count 100 1VY's IVYs Reduction Interval

(Actual) (Estimated)
Own Damage 26,715 1,757 6.58 7.00 -6 % (-10%, -1%)
Third Party Damage 26,715 844 3.16 3.45 -8% (-14%, -1%)
Own & Third Party
Damage Combined 26,715 2,601 9.74 10.49 -7 % (-11%, -3%)
Third Party Injury 26,715 177 0.66 0.84 -21% (-32%, -8%)

Figure. 2 shows the loss experience for the XC60 and the individual control cohort vehicles, for Own Damage and
Third Party Damage combined. Here again there are control vehicles with a claim frequency lower than that of
XC60, which are in most cases not statistically significant; though one exception to this is the Ford Kuga. It is
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suspected that the lack of further predictor variables available for claim frequency, such as driver age, annual
mileage, urban versus rural etc., is impacting the claim frequency estimation for individual control vehicles here.
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Figure2. Claim frequency for Volvo XC60 compared to control: Own Damage & Third Party Damage combined.

The “Volvo-driver’ is an expression used to refer to the belief that individuals that buy a Volvo car are already
safety-conscious, and are therefore pre-disposed to safe driving, with or without AEB. It is therefore sensible to
consider this potential factor within this AEB benefit study: in this analysis the XC60 has a lower claims frequency
than the Volvo XC90 for both damage and injury liabilities, which suggest the lower claim frequencies observed for
the XC60 are not explained by this Volvo driver issue.

Frequency Analysis: Volkswagen Golf 7 (AEB)

Results for the analysis of Third Party Injury claims for the Golf 7 (AEB) when compared against the small family
car control cohort are shown in Table 5. Calendar Year is not found to be statistically significant and is therefore
excluded. Table 6 provides details of the statistical model output for each control vehicle. The intercept value
corresponds to the claim frequency for the baseline, which in this case is the claim frequency for the Golf 7 (AEB);
all other coefficients are relative to these. Figure 3 depicts the actual claim frequency for the Golf 7 (AEB), and the
estimated claim frequency for control cohort vehicles with confidence intervals relative to the Golf 7 (AEB).

TableS.
Predictor for Third Party Injury
Degrees of Freedom Wald Chi-Square P-Value
Model Series 13 32.1 0.002




Table6.
Frequency Analysis for Third Party Injury: Statistical Output

95% Wald
Confidence Interval Hypothesis Test
Standard Wald Chi-  Degrees of
Category Variable Coefficient Error Lower Upper Square Freedom P-Value
Intercept -5.273 .1644 -5.595 -4.951 1028.84 1 <0.0001
BMW 1 Series 2011 .682 1815 327 1.038 14.14 1 <0.0001
Peugeot 208 2012 527 .1789 177 878 8.69 1 .003
Mercedes A Class 2012 .632 2054 .229 1.034 9.47 1 .002
Audi A3 2012 .615 2160 192 1.039 8.12 1 .004
Vauxhall Astra 2010 .823 1924 445 1.200 18.27 1 <0.0001
Toyota Auris 2010 .396 3564 -.302 1.095 1.24 1 .266
Toyota Auris 2012 677 2531 180 1.173 7.14 1 .008
Honda Civic 2012 237 2043 -.163 .638 1.35 1 .245
Ford Fiesta 2013 .654 1743 312 995 14.06 1 <0.0001
Ford Focus 2011 .536 1834 177 .896 8.55 1 .003
VW Golf 2009 441 3434 -.233 1.114 1.65 1 200
VW Golf 2012 (no AEB) 730 3138 115 1.345 542 1 .020
Renault Megane 2012 494 2621 -.020 1.008 3.55 1 .059
VW Golf 2012 (AEB) 0 0 0 0 0 0
2
1.8
1.6
1.4
1.2
$
% 0.8
g
é 0.6
S 0.4
0.2
0 — —
o g £ S g 8 3 2 2 g 2 8 2 u
S S 2 © % ~ ks S 2 2 3 S 2
5 = < -~ §
O o=
8

Figure3. Claim frequency for Volkswagen Golf 7 (AEB) compared to control cohort: Third Party Injury.

Table 7 summarises the results of the Golf 7 (AEB) analysis across all three liability types, and a combined Own
Damage and Third Party Damage category. In all liability types the model series was statistically significant, while
calendar year is also significant in the damage claims’ analyses. For Third Party Injury and Third Party Damage
liabilities the Golf 7 (AEB) is found to have a clearly lower claims frequency compared to the weighted average of
the control cohort. For Own Damage liability this is not the case, with effectively no difference in claim frequency
observed between the Golf 7 (AEB) and the weighted average of the control cohort. In general the Own Damage
category includes a greater presence of claim types that are immune to AEB than is the case for Third Party



Damage, and it is therefore consistent that any Own Damage AEB effectiveness observed is lower than that of Third
Party Damage. Additional exposure and claims volume for the Golf 7 (AEB) is required to further validate these

results, and also whether differences between LIDAR and RADAR sensor technology are being manifested in these
Golf 7 (AEB) and XC60 findings.

Table7.
Summary of Liability Results for Golf 7 (AEB) compared to Small Family Car Control Cohort
Small Family Golf 7 (AEB) Claim
Golf 7 (AEB) Car Control Frequency Reduction
Exposure  Claim Cllél(l)nll\s]gesr Claims per 100 % Confidence
(IVYs) Count IVYs (Estimated) Reduction Interval
(Actual)
Own Damage 7,216 610 8.45 8.51 -1% (-9%, 8%)
Third Party Damage 7,216 844 2.55 3.18 -20% (-31%, -7%)
Own & Third Party
Damage Combined 7,216 2,601 11.00 11.81 -7 % (-13%, 0%)
Third Party Injury 7,216 177 0.51 0.94 -45% (-61%, -24%)
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Severity Analysis: Volvo XC60
The Research Claims Database dataset is used to study the impact of AEB on claim severity, and is measured using

claims costs and times. A subset of Own Damage claims, identified as those involving damage to the front bumper
and registered 2008 or later, has been extracted for the XC60 and its control cohort. Gamma regression was used to
model average cost and time quantities, with model series, calendar year and vehicle age as predictor variables.

For the regression analysis of average repair time the predictor variables model series, calendar year and vehicle age
were all significant. The XC60 is found to have a repair time that is on average 10% lower than the weighted
average of the SUV Control cohort, with a 95% confidence interval for this result estimated between 4% and 15%.
Again a number of vehicles have an estimated average repair time that is lower than the XC60, but none of these

reached statistical significance.
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FigureS. Average repair time for Volvo XC60 compared to control SUVs: Own Damage.

Any discussion of severity as measured by repair time must also consider the issue of vehicle design susceptibility to
damage. Thatcham Research carries out an assessment of every new vehicle to evaluate this issue, using a
standardised 15 km/h offset barrier test. These damageability and repairability times, known more commonly as
"D&R Times’, form part of the UK Insurance group rating system, and have been used as a guide when considering
this real world data. The D&R Times (unpublished) for the control cohort list range from 10 hours up to 31 hours;
the XC60 lies in the mid-range. However it is noted that all of the control cohort vehicles with a D&R Time lower
than that of the XC60 are estimated by the statistical model as having an average repair time greater than the XC60,
indicated by the lighter-coloured bars in Figure 5. Or expressing this another way, the claim severity for the XC60
relative to the control cohort as estimated by the statistical model is lower than would have been expected by the
D&R Times assessment data. This consideration of D&R Times does not remove the influence of vehicle design
susceptibility to damage from this severity study, but does demonstrate that the XC60 severity reduction result is not

explained by it.

Table 8 and Figures 6 and 7 summarise the findings from this repair time study, and also from analyses of claim
repair costs and claim parts costs within the Research Claims Database dataset. For these costs studies only those
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control cohort vehicles with parts costs comparable to that of the XC60 were included. Again the model series
predictor variable was significant, but calendar year and vehicle age were not. For both the repair cost and parts cost
studies the XC60 was found to have a lower average cost relative to the control cohort, by 14% and 13%
respectively. Available D&R Times data suggests that vehicle design was not the explanation behind these severity
results. For both of these repair cost studies the Renault Koleos had the lowest estimated cost, and in the parts cost
study this was significantly lower compared to the XC60. Again vehicle design issues may play a role here.

Given that this analysis is of claims with front bumper damage, it is suggested that the observed cost and repair time
reduction for the XC60 relative to the control cohorts is explained by the presence of impact mitigation as well as
prevention. If all incidents are front-end Own Damage claims and therefore all equally preventable by AEB, then
any reduction in frequency of these is unlikely to much alter the average claim cost or time for the XC60. It follows
then that any reduction in the average cost or time could be brought about by mitigation of these impacts.

Table8.
Summary of Damage Severity Results for XC60 compared to SUV Control Cohort

XC60 SUV XC60 CLAIM
CONTROL SEVERITY EFFECT
Claim Count  Own Damage Own Damage % Reduction Confidence
Interval
Average Repair Time 1,501 17.9 hours 19.8 hours -10% (-15%, -4%)
Average Repair Cost 1,501 £2,683 £3,111 -14% (-22%, -6%)
Average Parts Cost 1,501 £1,770 £2,024 -13% (-23%, -4%)
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Figure6. Own Damage Repair Cost Severity Analysis: Volvo XC60 v SUV Control Cohort
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Figure7. Own Damage Parts Cost Severity Analysis: Volvo XC60 v SUV Control Cohort

DISCUSSION

A series of statistical analyses of claim frequency and severity for the Volvo XC60 and Volkswagen Golf 7 with
their respective AEB standard-fit systems, compared against appropriate control cohorts, across damage and injury
liability types, has generated a range of results that suggest an AEB benefit. Calendar year and vehicle age were
controlled for throughout this study. Real world claims data was utilised from two different datasets, and the
strengths and shortcomings of both of these have been outlined.

For frequency analysis an apparent AEB effect is detected across each liability type. Third Party Injury claim
frequency for the XC60 was 21% lower than the control cohort. For Third Party Damage the XC60 has a claim
frequency that is 8% lower than the control cohort, and for Own Damage the XC60 is 6% lower. Given that Own
Damage includes more collision scenarios than Third Party Damage which are immune to AEB, the lesser frequency
reduction observed for the Own Damage is in line with this. Analysis of the Golf 7 (AEB) also demonstrated
substantial AEB benefits for Third Party Injury and Third Party Damage, of 45% and 20% respectively; however for
Own Damage no AEB effect was observed. It may be the case that differences in sensor technology affecting target
recognition and thus warning and auto-brake intervention strategies of the Volvo City Safety and Volkswagen Front
Assist systems are being manifested in these results. The latter has functionality across the full range of driving
speeds and therefore has the potential to be effective in some of the higher speed crashes and injuries that are
beyond the speed range of Volvo City Safety system. Additional claims data for the Golf 7 will also help confirm
these results. The injury reduction results reported here can be expected to have a substantial societal impact.

AEB also has the potential to reduce claim costs through prevention and mitigation of impacts, and results from
severity analyses of the XC60 using claim costs and repair times suggest this is the case. An analysis of total repair
cost and parts cost for claims with front bumper damage extracted from the Research Claims Database show
respectively 14% and 13% cost reductions for the XC60 compared to an appropriate control cohort. A reduction in
average claim cost may be interpreted in the context of the distribution of Own Damage claim costs, and whether
those claims prevented by AEB have the effect of shifting the average of this distribution towards a lower value.
This may indeed be the case if medium-high cost front-end impacts are being removed from this cost distribution.
However this reduction may also be explained by impact mitigation having the effect of lowering the average repair
cost, which is more applicable to the front bumper claims-only dataset, since distribution of costs are likely to be
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less dispersed and its average claim cost less affected by the aforementioned impact prevention. Repair times were
also employed as a measure of damage severity, and the average repair time for the XC60 was 10% lower than that
of the control cohort. This repair time severity analysis lends itself to the same interpretations as the cost studies.

The available claims data analysed here does not feature factors such as driver age and gender, driver profession,
annual mileage, previous driving offences, population density, and so on, which are generally known to be
significant in the study of claim risk. Inclusion of factors such as these would improve the accuracy of the statistical
modelling of claim frequency and severity, and assessment of AEB benefits. In the analysis reported here the XC60
has a lower claims frequency than the Volvo XC90 across all three liability types, and a lower average claim
severity for Own Damage, which suggests the results observed for the XC60 are not explained by any “Volvo-
driver’ effect.

The UK frequency reduction results discussed here are broadly in agreement with those reported elsewhere, in
particular those by HLDI. Compared to the 21% injury claim effectiveness for the XC60 and the 45% injury claim
effectiveness for the Golf 7 (AEB) relative to their respective control cohort reported in this UK study, HLDI [3]
observed a 33% lower claim frequency for the XC60 compared to an SUV control cohort and 34% lower than a
Volvo control cohort; and the City Safety Volvo S60 has an 18% lower claim frequency than a midsize luxury car
control cohort, and 22% lower relative to the Volvo control cohort. These USA results were generated from
statistical models which included a number of significant claim risk predictors, which increased the accuracy of their
AEB impact estimation. In the USA the closest equivalent to Own Damage is referred to as Collision coverage and
is understood to include proportionally more crash types that are preventable by AEB. This may go some way to
explaining the higher claim frequency reductions of 20% and 9% for XC60 and S60 respectively observed for this,
compared to the 6% XC60 effectiveness result for UK Own Damage. For Third Party Damage the equivalent
liability category results reported by HLDI were a 15% lower claim frequency for the XC60 and 16% for the S60,
which are comparable with the 8% and 20% results for the XC60 and Golf 7 (AEB) studies respectively observed in
UK data. Overall, given the agreement between this UK study and that from HLDI there is good evidence that AEB
is having a significant effect to reduce both damage and injury claims.

Findings from the analysis of UK claim severity also shows some agreement with similar studies carried out by
HLDI: for Collision coverage the XC60 had a 10% lower average claim cost relative to the control cohort, and 13%
lower for the S60; UK results here were of the order of 10%-15%.

CONCLUSIONS

This paper summarises the findings from an analysis of UK Insurer claims data and appears to demonstrate that
AEB is responsible for substantial claim prevention of Third Party Injury arising in vehicle claims. The study
considered the Volvo XC60 with City Safety, and the Volkswagen Golf 7 with Front Assist, and these were
compared to an appropriate control cohort and findings have been interpreted in terms of impact on claims. The
absence of additional predictor variables is recognised as a shortcoming of this research, the inclusion of which
would improve model accuracy and reliability of the findings. It is also the case that further clarity on crash
circumstances within the liability data would be valuable in measuring AEB benefits, in particular front-to-rear
claims data. This research is a first of its kind in the UK to look at the issue of AEB impact of claims experience,
and further studies around Insurer claims data with enhanced detail and risk information are intended to build on the
findings reported here. As more vehicles with this technology become available Thatcham Research will continue to
monitor AEB performance trends.

This study shows the effectiveness and value of AEB systems, especially in the reduction of injuries and in
particular whiplash cases. The results of these and other findings have supported the implementation of an insurance
discount system for AEB systems, and also the testing of such systems with Euro NCAP and other consumer test
organisations which will encourage the proliferation of AEB within the vehicle parc.
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ABSTRACT

The rapid expansion of motor vehicle use in developing countries resulted in a sharp rise in road traffic—related deaths and injuries.
The UN General Assembly recognized road deaths and injuries as a global epidemic since 2003. More than 90% of the 1.2 million
people who die each year in traffic related crashes are from the developing countries in which more than 51% are vulnerable road
users.

The Kurdistan region in Iraq has been chosen for this study where the number of registered vehicles has increased exponentially in
the last decade, and the official number of fatalities in 2013 was 1,114. This number, however, is highly underreported; the actual
figure of fatalities is estimated to be 100% more than the reported humber according to World Health Organization. Pedestrians in
the region are not separated from vehicles even on high speed roads, in front of schools, bus stops, parks and commercial areas. In
addition, driving education and risk assessment is poor among drivers. A pre-study showed that only 5% of the current drivers in
the largest city in Kurdistan, Erbil, know how to use a roundabout. Moreover, 0%, 1% and 12% could read and were knowledgeable
about the signs of “One-way”, ”Give-Away” and“ No-Entrance” respectively. The driving test and training systems are inadequate
and inconsistent in the cities of Kurdistan. The test are performed in an isolated and controlled environment separate and far away
from the everyday traffic. Moreover, the road network is non-standard and is lacking alignment and signs.

This study evaluates current traffic safety conditions in Kurdistan, and then proposes a new strategy to change the current driving
license test system to a more realistic and educational test that is fair and promotes safe traffic flow. The new approach, in this
study, is based on a new standard driving test and training system based on the 4 E’s model which stands for: Engineering,
Education, Enforcement, and Encouragement. The new proposed tests will be conducted on a limited, predefined, standardized and
heavily monitored route within existing traffic environment.

This new testing system will focus on educating large groups of university students how to operate their vehicles more efficiently
and safely. Moreover, the route within the existing road infrastructure that will be upgraded to standard and heavily monitored also
allows licensed drivers, optionally or through an enforcement program, to retrain and experience driving on standard routes
gradually leading to an improvement in drivers’ awareness. The standard route can also be used as a model and starting point to
successively standardize the current road network and when constructing new roads.

Keyword: Traffic Safety, Driving License, Developing Countries, Traffic System

Othman 1


http://www.ukh.edu.krd/about-us

INTRODUCTION

The rapid expansion of motor vehicle use in developing countries resulted in a sharp rise in road traffic—related deaths
and injuries [1]. The UN General Assembly recognized road deaths and injuries as a global epidemic since 2003 [2].
Nevertheless, resources devoted to assist effected countries to address the problem is still inadequate. Although more
than 90% of the 1.2 million people who die each year in traffic related crashes are from the developing countries in
which more than 51% are vulnerable road users [2]. Even efforts by the developing countries in the high income
group, with a fully funded national road safety strategy, were unsuccessful at improving traffic safety and to implement
advanced workable safety programs. In Saud Arabia, for instance, despite a fully funded program, traffic death almost
doubled from 3500 in 2000 to 6500 fatalities in 2009, while the target was an annual reduction by 3%. Meanwhile, a
similar national road safety strategy in France halved fatalities on the roads from 2001 to 2010 [3]. This attests that
providing resources and replicating interventions of good practices that are implemented in countries with effective
safety programs, will fail to yield sustainable results. Apart from political will to commit resources, a sustainable
solution must consider institutional capacity weaknesses, social obstacles and best intervention practices based on
scientific evidences [1]. Moreover, research is required to determine optimum standards before adopting elements of
good practice observed in the developed countries.

In the Kurdistan region of Iraq, which is the scope of this study, registered vehicles increased exponentially over the
past decade. The increase is still going on and is leading to more fatalities on the roads annually; in 2014, the number
of registered vehicles was 1 250 000, an increase by 10%, compared to 2013. The official number of fatalities in 2013
were 1,114 [4]. This number, however, is highly underreported, the actual figure is estimated to be 100% more than
the reported [3], especially when the country has no eligible death registration data.

An institutional framework together with a strong political will are the main factors that affect traffic safety conditions
on the national level [5]. The framework is to, among others, organize national policy, set manageable goals and sub-
goals, coordinate activities, and cooperation with international organizations.

The mechanism of road accidents is related to a number of explanatory factors which are deeply rooted and interrelated
[6]. The most common being human errors, where deficient road design and planning will often have contributed to
or compounded these errors [7]. Inadequate training and testing programs together with insufficient enforcement of
traffic and transport regulations greatly affect road users’ attitude and behavior [8]. In Kurdistan, the driving tests and
trainings, which have direct influence on human errors, are applied differently in the cities of the region. The
inconsistent driving tests are partially based on different modules used in developed countries. In addition, the tests,
in practice, are not performed in the existing traffic environment, but rather in an isolated and controlled environment
separate from other drivers. This limitation is due to several obstacles such as inadequate driving test systems, a
nonstandard road network and the great danger of operating by the driving regulations on an uncontrolled road where
the other drivers ignore many of the regulations. Thus, to improve traffic safety in Kurdistan, a comprehensive traffic
safety system is essential. In particular, a new driving test model to gradually improve road users’ behavior is required.
Moreover, exploiting the model to successively upgrade the safety aspects of the road networks’ standards in the
region.

AIM OF THE STUDY

The aim of this study is to evaluate current traffic safety conditions in the Kurdistan Region of Irag, and then propose
action plans to change the current system to a more fair and safe traffic flow. The action plan includes causal
explanations of the persistence of poor traffic safety conditions in Kurdistan as well as long and short term strategies
and approaches of improvement.

CURRENT TRAFFIC SAFETY SITUATION

A comprehensive evaluation of the current traffic safety situations in Kurdistan is based on main factors that influence
the safety level including data collection, political will, institutional framework and development goal, driving test
system, human behavior, infrastructure, and vehicle factors.
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Data Collection: Providing reliable data is important to review the mobility and traffic safety status
which is to be used in development of any strategic plan. Kurdistan does not have an adequate system for
data collection. The lack of reliable data is one of the most serious obstacles to conducting proper analysis.
The limited available data is either incomplete or skewed, which creates great problems in the analyses.
Hence, analyses of the factors, mentioned above, that affect traffic safety will be based on available data,
visual evaluation and/or experiences. The available limited data will be used as a rough approximation of the
real figures. Accident data as the most important indicator of traffic safety is unreliable, and only absolute
numbers of fatalities exist. The official number of fatalities in 2013 was 1,114[4]. This number, however, is
highly underreported, the actual figure is estimated to be 100% more than the reported [3], especially when
the country has no eligible death registration data. An important measure to improve analyses is to adopt
accident and/or fatality rate, instead of an absolute number independent of rate of change, which is the number
of fatalities/ accidents per vehicle or person per kilometer. However, the data for distance travelled by people
is unavailable. Hence, only absolute number of fatalities in relation to population and vehicles can be used.
Thus, considering only registered deaths, Kurdistan has more than 22 fatalities per 100 000 population, while
this figure is less than 3 fatalities in the safest countries. Fatality rate per 10 000 vehicles is 20 times more
than in the safest developed countries, that’s despite longer travelled distance and more vehicle trips in the
developed countries.

Political Will: Decision makers in all countries agree and there seems to be a political will to decrease
traffic road deaths [2]. Kurdistan is no exception as the highest authorities in Kurdistan, including the
Regional President and the Prime Minster, announced and decided implementation of the necessary measures
to reduce traffic accidents. However, no further nor concrete steps have been taken on the ground as a matter
of fact. That is because accidents have not been considered by the society as public health problems similar
to contemporary illnesses such as mad cow disease and bird flu. Hence, the society does not require special
attention from the state to solve the problem.

Additionally, public policy makers point towards shortcomings in electricity and housing as major
problems that need to be acknowledged by the state. Thus the state took great and expensive actions to
solve the electricity and housing problems. Therefore, improving traffic safety is not among the region’s
developmental priorities. The main focus of traffic policy is to optimize mobility and flow of vehicles
without proper plans to include traffic safety.

Institutional Framework and Development Goal: Kurdistan has not any institutional framework
for coordinating activities and setting a practical goal to reduce fatalities and injuries on the roads. There is
no fund from the national budget to improve road safety. Moreover, the region lacks a national research
center to improve traffic and road safety. The roads and traffic are responsibilities of several departments
without any department for traffic safety as in many other developing countries. The Interior Ministry has
the main responsibility for the traffic safety in Kurdistan. Hence, traffic police stands for the poor traffic
safety performance and its legal consequences. However, several other ministries are directly involved in
the traffic safety performance without being responsible legally for the safety outcomes on the national level.
The involved ministries are: The Ministry of Municipality that is responsible for planning and organizing
urban roads and streets; Housing and Reconstruction Ministry deals with constructing, operation and
maintenance of the main roads between the cities; Ministry of Transport and Communications is responsible
for the administration and management of all areas of communications, including public transportation; other
concerned Ministries are Education, Health and Planning.

Driving Test System: The driving test and training systems are inadequate and non-consistent in the
cities of Kurdistan. The test are performed in an isolated and controlled environment separate and far away
from the everyday traffic. The obstacles to perform the tests in the existing environment consist of a lack of
experience by the traffic police and a non-standard road network in terms of alignment and signs. Moreover,
the difficulty to perform driving tests according to the standards of uncontrolled roads where many
regulations are ignored by licensed drivers and where the traffic environment is chaotic. The drivers learn
the practiced driving by their own, friends or parents before or after acquiring driving license. In addition,
the driving license is used for formalities and legal issues only. The common question to find out whether
somebody drives is: “Do you drive?” and not “Do you have a driving license?”” Which indicates the big gap
between the driving test and the actual driving environment.There is a large number of unauthorized drivers
using the roads before having a driving license. In addition to that, it is possible to obtain a driving license
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through private connections without doing the test. Another serious deficiency is that there is only a slight
difference, in practice, between tests for private vehicles and trucks. Truck accidents are more serious and
cause greater damage which means that operating trucks demands different knowledge and experience.

Human Behavior: Individuals, in their nature, do not expect that they will be involved in accidents.
They overestimate their ability and consider accidents as human errors made by road users without direct
effect on them [9]. Human performance in terms of traffic safety is very weak in many aspects and includes
a high number of road users. Driving education and risk assessment is poor among drivers. A pre-study
showed that only 5% of the current drivers in the largest city in Kurdistan, Erbil, know how to use a
roundabout. Moreover, 0%, 1% and 12% could read and were knowledgeable about the signs of “One-way”,
”Give-Away” and“ No-Entrance” respectively. This indicates a serious lack in the driving test system and
current road design and signposting. Even the traffic police do not seem to have enough knowledge in regard
to organizing the traffic and investigating accidents. A traffic police officer with the lowest rank only goes
through 40 days of training while an officer has completed 6 months of training. This short education,
however, is mostly about disciplines and the use of weapons. Serious human errors are noticed in many cases,
but there is no research or data collection to figure out the size of the problem. The main human errors are
mentioned below and include:

e One of the main human errors in traffic is the fact that pedestrians are not separated from vehicles
even on high speed roads, in front of schools, bus stops, parks and commercial areas. Moreover, the
pedestrians very often choose to walk on and along the high speed streets in the direction of driving.
Furthermore, roadwork is carried out without signposting on high speed roads. Opposite to what is
stated in the traffic law, drivers do not stop at stop signs to allow pedestrians to cross the streets.
The drivers and pedestrians have developed informal ways to divide space between them. The
drivers have the priority of spatial appropriation where pedestrians by many drivers are considered
as second class citizens. The reason behind this attitude is that most pedestrians are perceived as
poor, while people from the middle and upper class are believed to be able to travel by car.

e Speeding is another major problems which also occurs in residential areas. The speed cameras are
often not placed on the accident-prone roads to make driving safer on these roads. They are usually
placed where the layout of the roads encourage speeding. Dangerous overtaking is very frequent on
two lane rural roads even in the presence of oncoming traffic.

e  Athird common human error concerns the use of seatbelts. A few years ago, drivers and passengers
were asked to show their identification card at the security checkpoints if they had fastened their
seatbelt. Wearing the seatbelt was a clear indication that the traveler was not from the region.
Enforcement of seatbelt use has changed the picture now, and a great improvement has been noticed
in this area. However, wearing a seatbelt is still not common among passengers and child restraints
are equally quite uncommon. To avoid using a seatbelt, there is even a cheap separated seatbelt
buckle device in the market to turn off the acoustic signal of the seat belt reminder in case the driver
or passenger do not wear the seatbelt. Other dangerous practices, which do not lead to action taken
by traffic police, are riding passengers in moving truck beds, hanging out of sunroofs and vehicle
windows.

e Unfortunately, drinking and driving is common, and an uncountable number of drivers drink and

picnic along the roads outside the large cities.

Helmet wearing is rare for both motorcyclists, moped drivers as well as cyclists.

Parking and stopping on the roadway and in other dangerous places are frequent.

Wrong side driving to shorten trips occur frequently.

Driving despite red lights is not uncommon.

Chaotic driving in roundabouts is also a common human error.

Infrastructure: The way residential areas and the connecting roads are built have a direct effect on the nature
of traffic conflicts and traffic accidents. The environment is dangerous for all road users, in particular vulnerable
road users like pedestrians and cyclists. The roads are built to allow maximum mobility and traffic flow. The
streets lack proper sidewalks for pedestrians or they are occupied by the neighboring residential or commercial
buildings which compels pedestrians to share the roads with vehicles. Moreover, uncontrolled urban growth and
irregular land use have promoted dangerous sidewalks, or absence of sidewalks at all, adjacent to main and high
speed roads. This increases the number of conflicts between vulnerable road users and vehicles. Moreover, street
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widening is often made at the expense of sidewalks. The vulnerable road users have to face heavy vehicle traffic
due to urban social networks being disturbed. A biographic survey showed that in the1960s and 1970s non-
motorized transport modes such as walking and bicycle usage were competitive to motorized vehicles in the
largest city Erbil in Kurdistan. The rate of bicycle commuters in the city, however, diminished dramatically
starting from the early 1980s along with the increasing motorized travel modes. Though, the number of private
vehicles increased by more than 1000% in the 1980s compared to the 1970s. While the increase, the last two
decades, was 40000% compared to 1970s, from approximately 1000 private vehicles to more than 400,000 in
2014 [10]. The results of the survey showed that the rate of bicycle use has declined to 0.05% although the city
has an excellent flat topography for cycling and a generous climate most days of the year. More specific
deficiencies in regard to infrastructure are:

e Pedestrian cross/walks on high speed roads with heavy traffic roads. Moreover, the drivers hardly ever
stop for pedestrians who want to cross the street using the crosswalks. Moreover, using the pedestrian
crosswalks are dangerous due to broad roads, heavy traffic on the roads and the high speed of the
vehicles. There are pedestrian crosses on 10 lane roads where the speed limit is 80 km/h with even higher
actual operation speeds, so the pedestrians face a hard task to wait for all 10 lanes to be safe to cross. 10
experiments were conducted where a pedestrian waited 15 minutes at 3 pedestrian crosswalks during the
rush hour without any success to cross the street. The few walkers who take the risk, usually cross the
streets by crossing one lane at a time while vehicles at high speed pass the pedestrians on both sides.

e Building U-turns on roads where the speed limit is 80 but where the actual speed is greater than 100
km/h. The U-turns lead to blocking overtaking lanes in both driving directions followed by frequent
incidents and serious accidents. That is because U-turns lead to a mix of high and low speed vehicles on
heavily trafficked roads. On smaller roads, with 4 or 6 lanes, vehicles block half of the lanes, or the
whole street while they are waiting to make a U-turn.

e Road lighting and alignment is another problematic aspect. Newly built roads are usually opened and
used without completing lightning and alignments. Moreover, most of the two-lane rural roads are
without edge and midline alignments to limit and separate opposite driving direction lanes. The roads
lack roadside reflector posts which is very important when driving at night. Operation and maintenance
of the existing lighting and alignments are additionally inadequate.

e Speed bumps, as a cost effective injury prevention measure, have widely been installed on the roads.
However, poor signing prior to the high speed bumps becomes a serious hazard if it is not discovered
well in advance by the driver. Moreover, the speed bumps are sometimes installed for one direction of
the traffic which encourages drivers to drive on the wrong side of the road to avoid the speed bump.

e Most of the accident-prone existing roads lack roadside crash barriers. The newly built roads, however,
include crash barriers but the appropriate operation and maintenance actions of the roads are not
followed.

e Operation and maintenance of the roads are not followed by proper actions leading to quick physical
failure and dangerous traffic states.

e Construction materials on the roads, coinciding with the new constructions of buildings and roads, are
serious physical hazards on the roads. Moreover, poor temporary diversion of the roads and lack of
information prior and during the diversion result in serious accidents and bad traffic flow.

e Many illegal markets, restaurants, houses and peddlers on the roads also lead to conflicts between high
and low speed traffic including vulnerable road users.

Vehicle Factor: There are more than 1,250,000 registered vehicles in Kurdistan with an increase of 10%
annually. The increase in developed countries, for instance Sweden, is 2% only. Vehicle conditions are good in
general as they are equipped with relatively new passive and active safety devices. There are annual advanced
vehicle controls. The problem, however, is the lack of qualified technicians to maintain the advanced systems.
Another serious problem is, similar to deactivating the seatbelt warning system, that quite a few drivers deactivate
the airbag system in order to keep their car from damage associated with the deployment of airbags.
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METHODOLOGY OF THE NEW STRATEGY

Many efforts by individuals and organizations have been conducted to create the political will to improve traffic safety
on the national level. These efforts consisted of traditional approaches such as the political will to commit resources,
establishing an institutional framework to coordinate activities concerning traffic safety, developing goals and sub-
goals, gathering scientific evidence of the magnitude of the threat, identifying deficiencies in the current traffic safety
system, and developing a social strategy for organizing effective interventions. However, the efforts were unsuccessful
in affecting the decision-making process and the existing policy to prioritize traffic safety and to consider the problem
as a public health issue. This lack of success is partly because public acknowledgment for the reasons of the problem
range between seeing accidents as fatalistic, unavoidable outcomes of development, or simply placing the blame on
the drivers. While it is clear that the current strategy for improving road safety in the Kurdistan Region is largely
ineffective, certain aspects of the above mentioned interventions could still contribute in part to the long term goal
and strategies to improve road safety in the region.

The new approach, in this study, is to develop a new driving test and training system based on the 4 E’s model which
are: Engineering, Education, Enforcement, and Encouragement. The current road network in the region lacks
important features of safe driving and does not meet standards and regulations. Thus, a standardized route on a section
of public roadway which includes the required road safety features, is required to conduct a safe driving test. This is
the core of the methodology in this study. This study proposes that a limited route within the existing road network,
no less than 10 kilometers and with moderate traffic density, be defined and upgraded according to the standards. The
route should include important features of traffic flow and safety such as traffic signs, U-Turn, round about, lane-
keeping, traffic light, give-away, primary-road, pedestrian crosswalks, alignments, residential area, etc. Further, the
controlled route should be heavily monitored to limit traffic violations and enforce legal driving on this portion of the
roadway.

The next step is to adapt the driver test and training, including a theory test, at a university as a part of the education
program for a limited number of final year students. Further, it is important to publicize in the media the new strategy
and goals of the controlled portion of the roadway prior to conducting the driving test. The aim of the test is to carefully
evaluate the effectiveness of the new method and improve the model based on feedback from the test, which is
important for untested assumptions. After an initial implementation, evaluation must be carried out on the
effectiveness of conducting driving test on the controlled portion of roadway. From this evaluation, the new strategy
can be adapted and generalized into a new method for driver education which can be applied in other cities as a part
of the education program for final year student at all universities. The humber of graduated students in Kurdistan in
2014 was 27,275 students. Therefore, the implementation of the university education portion of the project is a very
large scale program. Many professional examiners and driving schools need to be prepared for both the training and
driving tests to be conducted.

In this way, the new proposed system will teach a large group of the most educated class how to properly operate their
vehicles more efficiently and safely. Moreover, the route allows licensed drivers, optionally or through an enforcement
program, to retrain and experience driving on standard routes which may lead to a gradual improvement in drivers’
awareness. The standard route can also be used as a model and starting point to successively standardize the current
road network as new roads are constructed.

CONCLUSIONS AND RECOMMENDATIONS

The political power is making motor vehicles the dominant mode of transport followed by extensive road building
program. Moreover, the main focus in building the roads is to optimize mobility and flow of vehicles without proper
plans to include traffic safety. Worsening traffic safety year after year is an indication that the practiced methods are
not affective. Nonetheless, traditional views and approaches are still dominating. While the traditional strategy to
improving road safety is ineffective, it is difficult to change from the top due to economic and political challenges.
The rapid increase in the use of private car transport, upgrading old roads and constructing new roads that do not meet
safety standards, and the lack of driver education led to increasing traffic accidents. Clearly, the traffic safety
knowledge of drivers and the social environment were not prepared for the rapid changes leading to an increase in
traffic accidents. Road safety in general, and the problems with vulnerable road users in particular, are not prioritized
in updating the old road nor in constructing the new ones. Therefore, as new roads are built or old roads updated that
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do not meet safety standards, they are building mistakes into their rapid growing road network which will require large
amounts of money in the future to correct them. The blame of the poor safety performance, however, is mainly placed
on the drivers. Based on the traffic safety research performed on developed countries, the main cause of accidents is
human factors or automobile operator error. However, it is taken for granted that the developed countries already have
a good road infrastructure, signing, and good vehicle condition.

Improving traffic safety in Kurdistan requires a strong political will, institutional framework to coordinate activities,
feasible goals, funding from the national budget and interventions based on scientific evidences. The decision
makers haven’t prioritized traffic safety, despite more than 1,114 road deaths in 2013 and increasing fatalities
annually. Thus, Kurdistan is 45 years behind developed countries when considering that road fatalities in the
developed countries started to decline in the beginning of 1970’s.

The suggested strategy in this study is based on the results of the survey which showed that licensed drivers do not
know how to properly operate their vehicle according to driving regulations and were unable to correctly read road
signs. The core of this method is to include an evaluated driving license tests in the universities final year program.
This may gradually lead to an increased knowledge about the seriousness of the traffic safety problem among the
public and politicians enabling them to rightly consider road deaths as a public health problem.
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ABSTRACT

Investigation of several accident databases consistently identified guardrail and embankment accidents as highly relevant
in the context of real world accident scenarios that are not in the focus of today’s vehicle safety functions. This work
demonstrates the potential of future vehicle safety functions to reduce the severity of such accidents. To achieve this, two
vehicle lateral controllers are in development that assist the driver in guardrail and embankment accident situations. A
Linear Quadratic Regulator (LQR) approach, based on a single track model, is used to stabilize the vehicle in these
situations with the goal to reduce the risk of secondary collisions and a rollover of the vehicle. Simulation results
demonstrate the potential of the vehicle lateral controllers to stabilize the vehicle after a guardrail collision and to keep it
in a safe area next to the guardrail. It is also demonstrated that the risk of a rollover in an embankment due to erroneous
driver steering can be reduced. Further research is required to investigate the influence of driver inputs to the controllers in
the mentioned accident situations. It needs to be discussed how the new controllers could be incorporated in the existing
and future vehicle safety architecture.

INTRODUCTION

According to the World Health Organization (WHO), road traffic accidents are the eighth leading cause of death
worldwide and the leading cause of death among young people aged 19-25. While countries with a high income
level have been able to reduce this number in the last years, the fatalities in low and middle income countries have
increased (WHO 2013). The WHO has initiated the “Decade of Action for Road Safety” with the goal to safe five
million lives in road traffic until 2020. The long term goal for countries with high safety standards is the “Vision
Zero”, meaning zero fatalities in road traffic. Car manufacturers, suppliers and legislative have worked hard on the
improvement of vehicle safety in the last decades. The basis of today’s passive safety systems is built on
international standards and guidelines wherein the central components are highly reproducible crash tests. The
PreCrash phase will have to be taken into account to achieve further improvement in the area of vehicle safety.
Special attention should be put on real world accident scenarios that are not controllable by today’s safety systems.
Although the standardized laboratory crash tests are well representative for the majority of field crashes, it seems
that a significant number of accident scenarios is not described completely (Allgemeiner Deutscher Automobil Club
(ADAC) 2011). This requires the development of new Integrated Safety Algorithms based on the relevance of
certain real world accident scenarios.
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ACCIDENT RESEARCH

Analyses of several accident databases identified significant accident scenarios that can no longer be neglected in
the development of vehicle safety systems. Data obtained from the German In-Depth Accident Study (GIDAS), the
United States Fatality Analysis Reporting System (FARS), the General Estimates System (GES) database as well as
the ADAC accident research (ADAC 2013), illustrate consistently road departure accidents as the main cause for
accidents involving severe injuries. GIDAS data shows that 20% of all accidents involving injured occupants have
their root cause in unintentional leaving the road. Road departure as the consequence of a previous accident has been
excluded in this analyses. The importance of road departure situations increases even more when the injury value is
put into focus. Almost 49% of accidents involving fatally injured occupants have a road departure event as the initial
starting point. In consequence, the need for new Integrated Safety Algorithms arises that concentrate on road
departure accidents. A deeper analysis of road departue accidents identified situations involving an embankment or
guardrail as primary accident event as highly significant in this accident category.

Guardrail Accidents

Accidents that have a guardrail as the primary collision object are identified as the second most relevant scenario in
the area of road departure accidents. They stand for 4.5%, or almost 7,000 injured people in the GIDAS analyses and
they are also the fifth leading cause of accidents on German highways. Deeper analysis shows that 75% of the
vehicles are involved in multiple collisions after they collided with a guardrail. This can either be another guardrail
(52%), a vehicle (24%) or a different object (24%) like a tree. This is notable as the injury severity increases with
multiple collisions. The delta-velocity, the velocity that is decomposed in the primary guardrail collision, is
relatively low with a maximum of 20 km/h for more than half of the accidents. Therefore a high energy potential is
left for secondary collisions, as the average collision velocity is more than 70 km/h for 51% of the vehicles during
the primary guardrail contact. The analyses show also that the root cause of guardrail accidents are driving situations
that relate to loss of control, inattention or fatigue of the driver. If proper reaction by the driver is initiated after the
first guardrail contact, the risk of multiple collisions will be reduced. Support of the driver in such situations is
therefore goal of the new vehicle safety functions.

Embankment Accidents

Nearly 8% of all accidents involving injured occupants in a passenger car occur in the vicinity of an
embankment, while the embankment can either go up or down. This corresponds to 12,000 people in Germany
for the year 2010, according to the GIDAS analysis. Two thirds of the vehicles have a follow up collision after
leaving the road. It is remarkable that 48% of the vehicles undergo a rollover that can be followed by a frontal
or side impact. The initial angle between the vehicle’s longitudinal axis and the roadside is for most of the
accidents relatively small at the time the road is being departed; the maximum angle reached is 20° for in total
75% of the accidents. If attention is put on the root cause of such accidents, it is striking that over 90% of the
accidents occur also due to loss of control, inattention or fatigue. This leads to the conclusion that a relatively
harmless starting cause can lead to severe accidents, especially when a wrong reaction by the driver is
initiated, like steering upwards in a downward embankment which increases the risk of a rollover. The new
vehicle safety function currently under development aims on the support of the driver in such situations. The
critical driving situation shall be detected by the function which leads to braking and steering actions by a
vehicle lateral controller that brings the vehicle back to a state in which the driver can regain control over the
vehicle.

METHODS

The new integrated vehicle safety functions that are currently under development actively mitigate the severity
of embankment and guardrail accidents during which the driver unintentionally worsens the situation with false
lateral (Steering) and longitudinal (Brake and Gas pedal) control inputs to the vehicle. Existing safety
functions like Electronic Stability Control (ESC) might even increase the severity of the situation in case of a
panic reaction of the driver. The guardrail and embankment controllers presented in this paper use both
longitudinal and lateral control inputs to stabilize and maneuver the vehicle to a safe state. Here, the safe state
is defined by the reference trajectory which in case of the guardrail controller is defined as close to and parallel
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to the guardrail. The embankment controller’s main task is the reduction of the rollover risk by stabilizing the
vehicle’s dynamics.

Vehicle Lateral Controller for Guardrail Accidents

The guardrail controller stabilizes and keeps the vehicle at a certain lateral distance to the guardrail after a
guardrail collision is detected. The states to be controlled are sideslip angle 8, yaw rate ¥ , deviation in yaw
angle Ay and deviation in lateral distance Ay. As cameras and other environmental sensors might not deliver
trustable information after a collision, the curvature k¢ of the road for the next 80 — 100 m is continuously
stored and referred to when a crash impulse is detected. The deviation in yaw angle Ay and lateral distance Ay
is estimated using two fixed coordinate trajectory models, the vehicle trajectory model (VITM) and the virtual
vehicle trajectory model (VVTM). The VTM calculates an estimated trajectory of the vehicle based on
kinematic equations, while the VVTM acts as a reference trajectory and takes additionally the stored curvature
Krer into account. The controller itself is based on a linear single track model (Rajamani 2006) which can be
given in state space representation, Eqs. (1-2).

X =AW)X + BU (D).

Bl_| m? [l +|Er -6 @

3| |Gl = Cly ClZ+CIE | [y lcf_lfJ -
|- ]z - ]Z ]Z

Cyr are the tire cornering stiffness on the front and rear axle, m denotes the overall vehicle mass, v the
vehicle velocity, I/, are the distances of the front/rear axle to the vehicle’s center of gravity, J, is the moment
of inertia and § is the steering wheel angle. The model is adapted to suit the needs of a lateral controller. The
yaw moment M, is included as a second input to the model which results after some modifications and
approximations in the adapted single track model, Eq. (3).
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The reference curvature k.. is added as a disturbance to the model. The objective of the lateral controller is to
bring the vehicle to stability, i.e. § = 0, Ay — 0,Ay — 0, by applying active steering and active braking to the
vehicle. The controller is designed as a Linear Quadratic Regulator (LQR) controller wherein the states are fed
back to the input with a suitable gain feedback matrix U = —K_X (Lewis 1998). The feedback matrix K, is
calculated by,

K.=R71BTP, 4).
wherein P is calculated by solving the algebraic Riccati equation,
ATP + PA—BPR™IBTP +(Q = 0. 9).
The matrices Q and R are weighting matrices between transient response and control effort. Larger Q causes
the states decay faster to zero while larger R implies less control effort, e.g. less steering and/or braking. An

approximate estimation method for Q and R is given in (Kortum et. al. 1993). The outputs of the LQR
controller §;or and Mg are fed into a steer and brake controller respectively to convert steer angle to steer

Hartmann 3



torque and yaw moment to brake pressure. The steer torque is applied as an assisting torque to the steering
wheel to support the driver while the brake pressure is used for wheel selective braking on the front axle to
generate the required yaw moment. The complete controller concept is shown in Figure 1.
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Figurel. a) Flowchart of the lateral guardrail controller. b) Flowchart of the lateral embankment controller.

Vehicle Lateral Controller for Embankment Accidents

The controller developed for embankment situations adopts the LQR approach for the design of the controller.
Similar to the guardrail situation a triggering signal for the activation of the controller is needed, which
indicates the vehicle is running into an embankment. This can be achieved by using inertial or environmental
sensor based algorithms. The calculation of a rollover coefficient is used for the purpose of this work, Eq. (6).
It is defined as,

Fr —F,

=2 * 6).
FR+F, ©)

R

The value of R is calculated accordingly to the changes in the normal loads on the wheels on the front axle. For
example, if the right wheel lifts off, which is likely to happen in an embankment to the left side, the whole load
is on the left wheel(Fz = 0,R = —1). As the normal loads can usually not directly be obtained from sensors,
the calculation of R is approximated as given in Eq. (7), (Imine 2007).
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h is the height of the center of gravity (CoG) of the sprung mass over the vehicle’s roll centre, hy is the height
of the roll axis, T is the track width and ¢ is the roll angle. A more general approach of the kinematic single
track model is used for the concept of the embankment controller as trajectory planning is not implemented in
the current version, Eq. (8).
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The steering angle § and the yaw moment M, calculated by the model act as inputs to the controller for the
stabilization of the vehicle and the reduction of the rollover risk. The calculation of the feedback matrix K, and
the matrix P is done accordingly to the guardrail controller as the controller tries to reduce the states § and v
to a minimum.

RESULTS

Simulated test scenarios have been carried out in IPG CarMaker® to test the vehicle lateral controllers for
guardrail and embankment accidents. The results of the tests concerning the guardrail controller are compared
to results obtained by an ESC system and the simulated IPG Driver™ as guardrail accidents might also cause
action by an ESC system due to high yaw rates induced by the crash impulse from the guardrail. Figure 2
shows a situation in which the vehicle left the road while it was driving through a curve and crashed into a
guardrail on the right side of the road.
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The initial velocity at the time of the crash was 70 km/h and the impact angle with the guardrail was 5.5°. It
can be seen that the vehicle that is only equipped with an ESC system has a secondary impact on the other side
of the road (146, 42) while the vehicle equipped with the lateral guardrail controller can be stabilized after the
primary collision (139, 12). The sideslip angle and the yaw angle are also reduced faster to a minimum by the
lateral guardrail controller as by ESC. Also the lateral distance to the guardrail is well under control as the
vehicle stays in the safe area of 0.5 m next to the guardrail. The situation depicted in Figure 3 shows similar

results.
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Figure3. Lateral Guardrail Controller, Situation 2: Sideslip angle f, yaw angle y and lateral distance Ay.
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The driver of the vehicle only equipped with ESC is not able to keep the vehicle under control after the
primary collision (166, 11) with 83 km/h and an impact angle of 4.2°, while the lateral controller keeps the
vehicle within the driving lane. Also the yaw angle and side slip angle are reduced to a minimum within 1 s

after the impact.

For the test of the embankment controller several downward embankments with an angle of 27° to 39° degree
were created in CarMaker®, which represent the range of the standard embankments on German highways.
The driving maneuver was constructed in a way that the driver wants to steer back onto the road after the
vehicle went off the road and entered the embankment. This behavior is likely to cause a rollover as the lateral
forces on the vehicle increase due to the embankment angle. Figure 4 shows a situation wherein the vehicle
entered a 27° embankment while driving with 210 km/h.
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Figure4. Embankment Controller, Situation 1: Roll angle ¢, sideslip angle f§ and yaw rate 1.

Here, the lateral controller is able to prevent the rollover while the roll angle of the uncontrolled vehicle
increases until the simulation stops, around 80°. The same result is achieved for an embankment of 39° at 100

km/h as it can be seen in Figure 5.
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From the further depicted results represented by the side slip angle and the yaw rate of the vehicle, it is shown
that the driver’s inputs to the vehicle worsen the stability of the vehicle and lead to a rollover. However, if the

controller is active then the outputs of the controller act opposite to the driver and prevent the rollover by
stabilizing the vehicle.

DISCUSSION AND CONCLUSION

The analysis of several accident databases shows that accidents involving a guardrail or an embankment have a
high relevance in the area of vehicle safety technologies. The developed vehicle lateral controllers for these
two situations show that they have the potential to reduce the severity of such accidents by braking and
steering interventions to the vehicle. Although the first simulation results are very promising, deeper analysis
of the interaction between the vehicle and the driver in these situations has to be conducted. Governmental as
well as functional safety requirements limit the maximum torque that can be superimposed onto the steering
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wheel. This requires real world tests of the lateral controllers to understand the driver reaction to the applied
torque. The introduction of an electronic steering and therefore the decoupling of steering wheel and steering
axle might be a necessary step towards this topic. It is also necessary to investigate how a driving stability
program like ESC interacts with the developed controllers. Usually, ESC tries to follow the desired driving
direction of the driver, which in the discussed road departure situations might not always be the right choice. A
discussion is needed to establish the new lateral controllers into the existing safety architecture. A highly
automated driving level is needed in the mentioned guardrail and embankment situations as they are likely to
be uncontrollable by the driver and today’s safety functions alone.
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ABSTRACT

Modern motor vehicles are becoming increasingly dominated by electrical and electronics (E/E) systems. While this
trend is clear, its implications are uncertain. In this paper, we investigate data on safety-related notifications from
the United States, Canada, and Europe to analyze questions and trends related to E/E systems. The data analysis
indicates that E/E systems are a growing issue for motor vehicle safety, that the time delay for E/E notifications is
longer than that for other notifications, and that specific subsystems are more prone to E/E problems than others.

1 INTRODUCTION

Modern motor vehicles are complex safety-critical systems that involve the coordination of dozens of comput-
ers, communication buses, actuators, and sensors [1, 2]. Their overall functionality and safety is dependent
upon the correct and timely operation of electronics and software to sense and control physical states through
sensors and actuators. Table 1 reports estimated numbers of ECUs (electronic control units; the usual term
used for computers in cars) in recent model year vehicles and literature sources for these estimates. With
approximately 50 to 75 ECUs, modern cars are truly distributed computer systems running on wheels.

Since motor vehicles are safety-critical systems, countries developed safety standards to protect consumers
and the public. Regulatory standards such as the Federal Motor Vehicle Safety Standards and Regulations
(FMVSS) [3] of the United States Department of Transportation (USDOT) codify required safety systems,
their performance, and overall vehicle safety. For example, FMVSS Standard No. 126 governs electronic
stability control (ESC) systems and includes the following requirement [3, Standard No. 126, § 5.1.1]: “Is
capable of applying brake torques individually to all four wheels and has a control algorithm that utilizes
this capability.” Some countries have dedicated mandatory standards for tire safety. In addition to these
regulatory standards on vehicle safety, the industry voluntarily has also created and uses domain-specific
standards. For example the ISO 26262 [4] standard on Road Vehicles: Functional Safety is used for de-
veloping, maintaining, and decommissioning automotive components. The MISRA C [5] standard provides
guidelines for source code in safety-critical applications using C and C++4. Unlike FMVSS, complying with
the ISO 26262 or MISRA C is optional.

Each country instated a regulatory agency in conjunction with these standards. These regulatory agen-
cies police the mandatory safety standards and notify the public about non-compliance and safety-related
concerns for products sold in their jurisdiction. In the United States, the National Highway Traffic Safety
Administration (NHTSA) regulates vehicle safety through standards like the FMVSS. In Canada, Transport
Canada is responsible for transportation policies and programs such as the Motor Vehicle Safety Regula-
tions [6] and related acts. In the European Union (EU), the European Commission and member countries
are jointly responsible for safety regulations such as the General Safety Regulation [7] and related laws. In
addition, the European Commission administers the Rapid Alert System for non-food dangerous products
(RAPEX) to facilitate the rapid exchange of information to the consumer on safety-related issues.

Each of these agencies maintains datasets (databases) on automotive safety notifications, potential haz-
ards arising from the issues, and recommended corrective actions. Notifications in the datasets concern
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Year  List of: Vehicle (ECUs) [Source]

2004 VW Phaeton (61) [8], Current Upper Class (70) [9]

2005  Volvo cars (40) [10]

2006  Infiniti (11) [11], Toyota Prius (23) [11]

2007  Current Premium Car (70) [12]

2009 Current Premium Car (70-100) [13], Current Low-end Car (30-50) [13], Average Car (30-45) [14], Luxury Cars
(70) [14]

2010  Jeep (7) [11], Range Rover (41) [11], Basic vehicles (30) [15], Some Luxury Cars (100) [15]

2012  Most new vehicles (100) [16]

2014  Infiniti (34) [11], Dodge Viper (19) [11], Range Rover (98) [11], Jeep (17) [11], Toyota Prius (40) [11], Average
Vehicle (60) [17]

Table 1: Reported and estimated numbers of ECUs in cars. “Year” is the year of reporting.

hazards and risks when operating motor vehicles, particularly as they pertain to non-compliance with stan-
dards like FMVSS. For instance, the purpose of the FMVSS ESC standard mentioned previously is “..to
reduce the number of deaths and injuries that result from crashes in which the driver loses directional control
of the vehicle, including those resulting in vehicle rollover” [3, Standard No. 126, § 2]. A malfunctioning
component used in the ESC would then raise a hazard and thus a safety concern. A hazard is the possi-
bility of suffering harm or injury of road participants (users). Road participants include, for instance, the
driver, passengers, but also extends to pedestrians and cyclists. A hazard by itself is sufficient to cause an
investigation; for example, the NHTSA may start an investigation upon receiving complaints from owners
about defects. The level of risk of the hazard occurring during driving is a key element, with a risk being
a situation that involves exposure to danger. There are many dangers present in the operation of motor
vehicles, such as injuries due to collisions with other vehicles or objects, or burns due to engine fires or seat
heater failures. Often a defect in the design or the implementation of a safety-related system in the motor
vehicle will create an unanticipated risk that needs to be investigated. A safety-related defect in a motor
vehicle or system thereof exists when there is increased risk beyond an acceptable level. In this situation, the
defect causes the system to become unsafe and consequently corrective actions have to be taken, together
with a notification of the public through the regulatory agency.

This paper presents an analysis of electrical and electronic (E/E) notification datasets from government
regulatory agencies in the United States, Canada, and Europe. Since E/E encompasses software, notifications
related to software are also part of our analysis. With this data, we explored several questions, such as the
trend of E/E notifications over time in terms of the number of notifications and affected vehicles. We also
analyzed E/E notifications in relation to Non-E/E notifications, and investigated the risk types associated
with defects and the relationship between notifications and the model year for E/E vs. Non-E/E notifications.
The paper concludes with additional observations made during the analysis and provides a call-to-action for
researchers, the regulatory agencies, and also the automotive industry.

2 METHODS AND DATA SOURCES

This paper analyzes safety notification datasets from several data sources of regulatory agencies. The main
aim of the study is to determine the prevalence and quantity of E/E notifications and compare them to
Non-E/E notifications. To this end, we analyzed data from the NHTSA, Transport Canada, and RAPEX.
These datasets are publicly available and provide a rich and diverse view into the nature of safety-related
notifications and recalls in the three jurisdictions (the US; Canada, and Europe).

2.1 E/E Systems, Defects, and Notifications

We define our terminology following the vocabulary used in the ISO 26262 standard [4]. ISO 26262 is a
comprehensive standard on functional safety of components (i.e., items) built into road vehicles.

We analyze datasets from three data sources: “Complaints, Defect Investigations, Recalls, €& Technical
Service Bulletins” (NHTSA) [18], “Road Safety Recalls Database” (Transport Canada) [19], and “Rapid Alert
System for non-food dangerous products” (RAPEX) [20]. Each data source provides a dataset containing
notifications. A notification is an entry that results from the process associated with the dataset. Each data
source follows a different process for adding notifications to its datasets. Consequently a notification can be
a compulsory recall, but it can also just be a benign complaint that led to an investigation, and ended in
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Data No. Model Access

Source Dataset Contents Entries Years Date Source
« ” . 108 686 1960- FEB-

NHTSA Recalls Vehicle safety recalls (18768) 2015 2015 [21, 18]

Transport “Road Safety Recalls . 1970- JAN-

Canada. Database” Vehicle safety recalls 10596 2015 2015 [19]

European fRapzd _?le:lt System Motor vehicles category in 1246 2006— FEB- [20]

RAPEX or non-joo non-food dangerous products 2015 2015

dangerous products”

Table 2: Summary of the datasets analyzed including the information contained. The access date is the date
the dataset was downloaded for the analysis in this paper. While the datasets may already (as of February
2015) contain information for 2016 model year vehicles, only up to model year 2015 were included in the
analysis in this paper. The NHTSA number in parenthesis is the number of unique campaign numbers.

the voluntary action of a press release. Section 2.2 discusses the data sources and datasets in more detail.

Since this paper is concerned with E/E artifacts, we must distinguish between E/E and Non-E/E artifacts.
The ISO 26262 standard specifies item as the highest-level artifact. An item is then realized in systems,
which are further broken down into elements. To keep the paper accessible to the general reader and
because notifications in the datasets are usually related to specific artifacts, we will mostly use the term
system for these instead of a specific breakdown of item, system, or element as defined in the ISO 26262
standard. We call a notification an E/FE notification, if the reason for the notification originates from an E/E
system and is not of mechanical or chemical nature. The ISO standard defines an E/E system as one that
includes electrical or electronic elements, including (software) programmable electronic elements. Example
E/E systems include power supplies, sensors, and other input devices, communication paths, and actuators
and other output devices. For example, an E/E notification would be one related to stalls in hybrid vehicles
due to the control software overheating power transistors. All notifications related to other technology (as
defined for term 1.84 ISO 26262) are Non-E/FE notifications. For example, a holding bracket loosening due
to improper mounting is a Non-E/E notification.

2.2 Data Sources and Datasets

In our analysis, we use several datasets from the NHTSA, Transport Canada, and RAPEX from Europe to
classify E/E and Non-E/E notifications. Table 2 provides a summary of the datasets and their contained
information.

2.2.1 Complaints, Defect Investigations, Recalls, & Technical Service Bulletins (NHTSA)

The NHTSA maintains extensive datasets of vehicle and system recalls and complaints online [18]. These are
categorized into several major datasets including “Complaints,” “Defect Investigations,” “Recalls,” “Tech-
nical Service Bulletins” [18, 21], as well as “Foreign Campaigns” [22]. The NHTSA is part of the US
Department of Transportation, was established in 1970, and has a mission to reduce deaths, injuries, and
economic losses arising out of motor vehicle crashes. As part of these responsibilities, the NHTSA sets
and regulates safety performance standards for motor vehicles, such as through FMVSS [3], monitors and
investigates consumer complaints regarding motor vehicles, and also conducts research on driver behavior
and traffic safety, such as conducting crash tests [23].

The NHTSA maintains information about all safety-related defect and compliance campaigns that occur
in all models of motor vehicles in the US starting from notifications made in the year 1967. Defects are
defined in Section 1, and compliance means that a given motor vehicle and its systems comply with regulatory
standards, such as FMVSS. A system is non-compliant, if it violates a regulatory standard, so non-compliance
notifications correspond to violations of FMVSS and other regulations. As ISO 26262 is a voluntary standard,
only federal regulations like FMVSS are considered in the definition of compliance. The dataset also contains
information on model year vehicles before 1967, since defects reported in 1967 can affect older models. The
NHTSA stores different categories of information in its “Complaints”, “Defect Investigations”, “Recalls”, and
“Service Bulletins” datasets. Complaints are reports of problems from vehicle owners to the NHTSA, and
are investigated by the NHTSA and tracked in an investigation dataset. Service bulletins are instructions
from the manufacturer regarding how to correct defects. There is a process to be followed by a vehicle
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owner to report problems with their vehicles. When there is a problem with their vehicle or equipment, the
owner can file a complaint with the NHTSA, for example online at http://www.safercar.gov. As part of
a complaint, the owner may provide the vehicle’s VIN, the incident information including, if there was a
crash, fire, injury, or fatality as a result of the incident, and other information. Complaints are entered into
the NHTSA complaint dataset and will be used to determine, if a safety-related defect trend exists. These
complaints are searchable on the NHTSA’s website based on various criteria including the make, model, and
year of the vehicle. Investigations are taken up by the NHTSA as a result of complaints by vehicle owners,
and may result in a recall or other action if it is deemed necessary. The NHTSA also has the authority to fine
automakers. Additionally, a manufacturer may notify the NHTSA of a potential defect, if they become aware
of one, so the process of creating notifications may be driven either by the NHTSA or the manufacturer.

This paper uses the NHTSA “Recalls” dataset that contains all NHTSA safety-related defect and com-
pliance campaigns since 1967 [21]. A recall is described [24] as: “When a manufacturer or the National
Highway Traffic Safety Administration determines that a car or item of motor vehicle equipment creates an
unreasonable risk to safety or fails to meet minimum safety standards, the manufacturer is required to fix
that car or equipment.” A manufacturer will have to rectify or replace parts, if the recall is a safety recall.
The manufacturer will also have to inform the vehicle owner of the recall. More information about recalls
and how they are notified and how to find if a particular vehicle is under recall or not are in the Vehicle
Owners section [24]. The “Recalls” dataset consists of recall records. Information contained as part of a
recall record includes the vehicle make, models, model years, component description, beginning and end
dates of manufacturing, the potential number of affected vehicles, the date of notification to the owner, a
defect summary, a consequence summary, a correction summary, and recall notes [18].

2.2.2 Road Safety Recalls Database (Transport Canada)

In Canada, transportation policies and programs are the responsibility of Transport Canada [25]. Transport
Canada promotes safe, secure, efficient, and environmentally-responsible transportation. Transport Canada
reports to Canadian Parliament and the Minister of Transport. Transport Canada administers various pro-
grams related to safety of vehicles such as importation of vehicles, advanced vehicle technologies, commercial
vehicles, defect investigations, and vehicle recalls. The “Road Safety Recalls Database” in Canada is man-
aged and maintained by Transport Canada. Transport Canada also documents recall campaigns, update
the on-line recalls database, and monitor recall completion rates. Each record in the dataset contains the
date of recall, make, model, system, model year(s) affected, recall details, category of the vehicle, etc. [19].
The records start from 1970 model year vehicles in Transport Canada database. Transport Canada defines
safety-related defects as those that interfere with the safe functioning of the vehicle and are present in a
group of similar vehicles [25]. Such defects are not due to normal wear and tear, operator negligence, nor
inadequate maintenance, and may cause problems that occur with little or no warning that endanger the
safety of road users. If motor vehicle owners in Canada suspect safety-related defects in their vehicles, they
can report them to Transport Canada. Once a defect is reported, the defect complaint is entered into the
“Defect Complaints Database” and reviewed by an analyst. If warranted, Transport Canada will initiate an
investigation into the complaint that may result in recalls.

2.2.3 Rapid Alert System for non-food dangerous products (RAPEX)

RAPEX (“Rapid Alert System for non-food dangerous products”) was established in the EU as a rapid alert
system that facilitates rapid exchange of information between member states of the EU and the European
Commission on measures taken as a result of products posing risk to consumers. RAPEX relies on close
cooperation between the Commission and individual national authorities of participating member countries.

RAPEX has notifications going back to the year 2006. In this dataset, each notification record has a risk
level. The risk level can be “Serious” or “Other”. The risk level is also classified based on the type of user
distinguishing consumer or professional users. Each record has the week and year of notification, a reference
number, the country that notified, and detailed description of the product including the name, category,
type, batch number, and, in many cases, also a picture of the product. The notification also lists the risk
type, which is the kind of injury that can result from the hazard, and includes risk types such as burns,
electric shock, etc. [20]. Finally, a notification also includes information about the measures taken by the
notifying country to mitigate risks from the product.

The notification process for RAPEX starts with the identification of a risk with respect to a product.
The identification of risk can happen by a competent national authority, or the manufacturers and distrib-
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utors of the product. Manufacturers and distributors must inform the national authority of any dangerous
product, specifically consumer products that are on the market and present a risk to consumers (like electric
shock, injury, etc.) such that the product may not remain on the market [26]. In this case, manufactur-
ers and distributors should take appropriate preventative and corrective actions. When this identification
happens, either the appropriate authority or the responsible business takes relevant measures to eliminate
the risk. These measure can include withdrawing the product from the market, recalling the product from
consumers, or issuing warnings. As a next step, each RAPEX national contact point informs European
Commission about the product and all relevant information. The European Commission then disseminates
this information to all participating countries [26].

2.2.4 Differences between Datasets

Though the primary purpose of the data in these three datasets described above is to inform the consumer of
issues that may be affecting a particular model of a vehicle, there are differences in the amount and format
of data available in each dataset. The NHTSA and Transport Canada notifications do not contain columns
to indicate the risk level of the problem. On the other hand, RAPEX notifications indicate risk level by
classifying the notifications as serious or other. The NHTSA and Transport Canada datasets do not classify
the risk into a fixed type of risk, and instead, their notifications describe the consequences of the defect.
RAPEX classifies notifications based on a fixed number of risk types like asphyxiation, burns, chemical,
fire, injuries etc. Another difference is that the NHTSA and Transport Canada datasets do not identify the
country of origin of motor vehicle. However, RAPEX notifications have the country of origin of the vehicle.
NHTSA does not regulate vehicles that are primarily intended for off-road use such as all-terrain vehicles
(ATVs), snowmobiles, dirt bikes, etc.—which are regulated by the Consumer Product Safety Commission
[CPSC])—while the Transport Canada and RAPEX datasets each have notifications about off-road vehicles.

2.3 Classifying E/E Notifications

We analyzed the datasets through two separate means. The first method used a manual classification
involving two people and two reviewers and was performed for the Transport Canada, the RAPEX, and
partially for the NHTSA dataset. The second method was an automated classification using text-based
searches to classify notifications involving E/E systems and was performed for the NHTSA dataset.

A classified E/E notification is a false positive, if the actual cause of the corresponding defect was not
due to problems in the E/E system. For example, if a notification was classified as an E/E notification in the
tires that was in no way related to any E/E system (e.g., a tire pressure monitoring system) like improper
tire pressure labeling, this would be a false positive. An E/E notification would be a false negative, if it was
not identified. Any classification can include incorrect assignments, usually reported as precision and recall.
In our case, precision is the fraction of notifications that were labeled as E/E notification and should be
E/E notifications. Precision is degraded by false positives, which are notifications labeled as E/E, but that
only mention other technologies. Recall, as a quantitative metric, is the fraction of E/E notifications relative
to all E/E notifications. Recall targets characterizing false negatives, since recall is affected by classing
notifications as Non-E/E although they are E/E notifications. In the ideal case, there are no false positives
and no false negatives. There are several reasons this classification is performed for notifications and not
for defects. First, the datasets only contain information on notifications that may or may not be correlated
with known defects. This may occur in recent model year vehicles for which regulators and manufacturers
have not yet initiated notifications, as defects may still be unknown. In the ideal case, this classification
would find the set of all E/E defects and not the set of all E/E notifications, but this is impossible as
these defects may be unknown. Additionally, the datasets themselves could contain false positives and false
negatives, although the regulatory process should minimize these mis-classifications. Another reason for
mis-classifications is due to grammatical and spelling errors, which may be detected and corrected easily in
manual review, but is difficult to handle for automated classification, but may be handled with sophisticated
natural language processing (NLP) techniques.

2.3.1 Manual Classification and Review

We used full manual classification for the Transport Canada and RAPEX datasets, and partial manual
classification for the NHTSA dataset. Full manual classification involved two persons categorizing the noti-
fications into the categories of E/E or Non-E/E. For the RAPEX and the Transport Canada datasets, two
undergraduate students investigated one notification at a time and assigned an appropriate label to them.
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computer  software firmware electronic control unit  ecu engine control module
ecm re-flash re-program control module control unit bug
version update program overflow electronic electric

Table 3: Keywords used for automatic classification of the NHTSA dataset.

To ensure high precision and high recall, and thereby high quality, we used an independent validation
step after the manual classification. After the two undergraduate students completed the classification, one
of the co-authors randomly selected a small subset to validate the classification. Any found mis-classification
was subsequently corrected. On top of the validation, we also performed automated sanity checks to inspect
specific notifications. For example, we carefully reinspected all notifications that carried the system type
“Electrical” in the Transport Canada dataset, and double-checked all notifications that contained specific
keywords, such as, for instance, motor, ECU, short circuit, and software. For the NHTSA dataset, one of the
co-authors manually inspected the entries that we identified using a search-based classification. The purpose
for this inspection was to identify and eliminate false positives to improve precision. In particular, it also
highlighted certain bad keywords that resulted in high rates of false positives, such as “upgrade,” that were
excluded from subsequent keyword searches.

2.3.2 Automated Classification

Automated classification was used for the NHTSA dataset, followed by the manual review discussed in
Section 2.3.1. The NHTSA dataset contains several fields that have natural language data (i.e., English
sentences and text), such as the “Defect Summary” (DESC_DEFECT) field. Specifically, each notification
includes “Defect Description,” “Defect Consequence,” “Corrective Action,” and “Notes” fields contain natural
language descriptions of the defect, its correction, etc. that are used in classifying the notification as
an E/E notification. Additionally, the “Component Name” field contains a semi-categorical name of the
defective component (system) and was also used for classification. The “Component Name” field includes,
for example, categories such as “ELECTRICAL SYSTEM: SOFTWARE”. However, we did not classify by solely
the “Component Name” field because many E/E notifications are not precisely categorized. For instance,
some notifications for software defects, such as NHTSA notification 04V254000, are not correctly categorized
as “ELECTRICAL SYSTEM: SOFTWARE,” along with several others shown in Table 4. Each of these fields were
searched using regular expressions for the set of keywords in Table 3.

Spacing was required between short keywords (e.g., for “ecu”) and all standard permutations of keywords
were used (e.g., “re-flash,” “reflash,” “re flash,” etc.). If any substring in these fields matched any of these
keywords (case insensitive and allowing permutations for spacing), they were classified as candidate E/E
notifications that were then manually reviewed. Additionally, the NHTSA dataset contains many effectively
duplicate entries that were accounted for (when necessary) by using the campaign number to uniquely identify
the notifications to not duplicate counts of the number of affected vehicles or numbers of notifications.

3 RESULTS FROM ANALYSIS OF THE DATASETS

With access to these datasets, we could investigate a number of questions for E/E notifications. This section
describes four questions we looked at in detail. Additional observations are part of Section 5.1.

3.1 E/E Systems are Increasingly Becoming a Problem

The dataset analysis indicates that E/E notifications have been increasing in recent model year vehicles and
for notices issued in recent years. Specifically, E/E notifications are increasing over time in the Transport
Canada and the NHTSA datasets in terms of all of the following: (a) the percentage of E/E notifications
compared to Non-E/E notifications per model year (Figure 1), (b) the absolute numbers of vehicles and
systems affected by E/E notifications compared to those affected by Non-E/E per notification year (Figure 2),
and (c) the absolute number of notifications per vehicle model year (Figure 3). The RAPEX dataset also
confirms this when looking at the total number of notifications over the years (Figure 6).

3.2 E/E Notifications have Greater Delay than Non-E/E Notifications

An interesting question is to determine whether certain types of notifications reach further back in time than
others. We interpret this as being that the particular defect identified in the notification has taken longer
to be detected than notifications that reach back fewer years.
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Figure 1: Transport Canada and NHTSA percentage of E/E notification out of all notifications across all
makes and models versus model year.
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Figure 2: Transport Canada and NHTSA sum of the number of vehicles potentially affected by notifications
versus notification year, categorized into E/E and Non-E/E notifications.
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Figure 3: Transport Canada and NHTSA E/E and Non-E/E notification counts versus model year.

The delay of a notification is the date of the notification minus the starting manufacturing date. Figure 4
shows notification delays, categorized into E/E and Non-E/E notifications. In the Transport Canada dataset,
the dates of manufacturing are not available, so the notification delay is approximated as the year of the
notification minus the model year. If multiple models and model year vehicles are effected, the date or
earliest model year across all the affected models will be used. For example, if a notification covered three
models over different model years (2005 to 2010, 2007 to 2010, and 2005 to 2008), then the approximated
delay will be 2011 — 2005 = 6 years. While ideally the manufacturing date would be used instead of the
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model year date, the manufacturing date is not always available in the datasets, while the notification date,
affected models, and model years are more readily available.

Both datasets show that on average, E/E notifications reach back further than Non-E/E notifications.
Thus, recent model year vehicles may also be correlated with having additional E/E defects that have not
yet initiated notifications. In the Transport Canada dataset, the notification delay mean was 2.21 years for
E/E defects and 1.83 years for Non-E/E. In the NHTSA dataset, the notification delay mean was 2.23 years
for E/E defects and 2.14 years for Non-E/E. The differences between the notification delay was statistically
significant (Wilcoxon rank sum test) for both datasets. These results are highlighted by E/E notifications
such as NHTSA recalls 11V395000 and 14V047000 described in Table 4, that each had delays of around six
years.

Comparing Notification Delay (Transport Canada) Comparing Notification Delay (NHTSA)
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Figure 4: Transport Canada and NHTSA notification delay between E/E and Non-E/E notifications from
1970 to 2014 model years are illustrated as box plots.

3.3 E/E Notifications Appear for Electrical Components, Lights, and Airbags Most Fre-
quently

The dataset from Transport Canada and the NHTSA categorized the notifications based on the vehicle
subsystem that was affected. Transport Canada splits the data into 20 categories. The NHTSA uses 26
categories with additional sub-categories. The interesting question is which subsystems are prevalent in E/E
notifications. Based on the datasets, we can identify the subsystems that are most likely affected by E/E
problems within each jurisdiction. Figure 5 shows the frequency to which subsystem category the notification
was assigned to in the different datasets.

A direct comparison is impossible, because the different datasets split up the notifications into different
categories, and also the dataset from Transport Canada has generic category called “Electrical” that domi-
nates the notifications related to E/E systems. Furthermore, due to regional influences, the datasets contain
different data (see Section 2 for these differences). Nevertheless we can still provide a subjective, qualitative

E/E Notification by Subsystem (Transport Canada) E/E Notifications By Subsystem (NHTSA)
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Figure 5: Subsystems specified for notifications related to E/E problems.

interpretation of the data in Figure 5. Subsystems that seem to rank highly when comparing notifications
related to E/E problems are (in no particular order): air bags, lights and instruments, engines, brakes, and
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the power train. For this categorization, we combined: brakes (i.e., “Service Brakes Hydraulic”, “Service
Brakes Air” in the NHTSA and “Brakes” in the Transport Canada dataset), power train (i.e., “Throttle Con-
trol”, “Power train”, “Transmission Control”), and instruments (i.e., “Lights and Instruments”, “Lights”,
and “Instrument Cluster”).

3.4 E/E Notifications Dominate Others with Respect to Fire Hazards

RAPEX provides detailed information on the risk types for the components involved in the notification.
The dataset uses four distinct categories for the types of risk: burns, fire, injuries, and chemical. Some
notifications list a combination of risk. For example, RAPEX notification 0615/11 lists a hazard involving
a potential fuel leak and the ECU causing a fire by means of a short circuit. The notification therefore has
the risk labels “Fire|Injuries”. In our analysis, we will count this notification twice: once for the risk type
being “Fire” and once for the risk type being “Injuries”.

The RAPEX dataset distinguishes between the fire and burn hazards. The risk of a burn is one where a
participant can get inured, but the failing component will not start a fire. As an example, two notifications
that have the risk type “Burns,” but not “Fire,” are motorbike exhaust pipes that may lose their enclosure
or seat heating elements that are overheating and charring the seat. Specific notifications in the RAPEX
dataset are A12/1541/12, 0007/10, and 0767/11.

Notifications Per Year (RAPEX) Risks Mentioned Per Type (RAPEX)
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Figure 6: E/E and Non-E/E notifications in the RAPEX database (left). Comparison of the risk types for
E/E vs. other components. Note: some notifications mention several risk types, so the total is not 1 (right).

Analyzing the RAPEX dataset, we discovered that E/E notifications dominate the risk type “Fire”.
Figure 6 shows a breakdown of the percentages for each risk type. About 25 percent of all notifications
related to E/E systems specify a fire hazard, while only 15 percent of other notifications carry the risk type
“Fire”. Conversely, fewer E/E notifications are tagged with the risk type “Injury”.

4 SPECIFIC E/E NOTIFICATIONS

This section describes specific E/E notifications identified in our analysis. Summaries of several specific E/E
notifications appear in Table 4. As illustrated by Table 4, E/E notifications have involved nearly all types
of motor vehicles, including buses, ambulances, motorcycles, passenger vehicles, passenger trucks, and cargo
trucks. Additionally, E/E notifications have involved a diversity of energy sources, including gasoline, diesel,
all electric, hybrid electric/gasoline, and natural gas. The affected systems involved in E/E notifications
include airbags, seatbelt pretensioners, cruise control systems, electronic stability control systems, battery
charging controllers, brakes, engine overheating, transmissions, engine and powertrain control, tire pressure
monitoring systems, and many others. Additionally, there have been several instances of E/E notifications
for unintended acceleration as summarized in Table 5. Of particular interest currently are notifications that
involve computers and software. The root problems are also diverse, albeit somewhat difficult to ascertain
from the data available, but certainly include wrong values specified in software (including calibration values),
timing errors, wrong values computed by software, sign errors, among others. The earliest notification
mentioning “computer” was in 1975 for 75V117000, the earliest notification mentioning “software” was in
1996 for 96V007000, and the earliest notification mentioning “over-the-air software update” was in 2014 for
14V006000. Additionally, while specific makes and models were explicitly not listed to avoid singling out
particularly makers, models of all makes have been the subject of E/E notifications. Other authors have
compiled interesting motor vehicle E/E issues previously [27].
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Camp. No. Date Pot. Aff. Type Model  Problem Resolution
Years
75V117000 JUN 23, 8500 Cargo truck 1971- Brake loss due to anti-lock Replace computer
1975 1975 computer malfunction
85V134000 OCT 22, 3988 Passenger 1985 ECU timing problem Replace ECU
1985 car
96V007000 JAN 16, 10600 Passenger 1996 Climate control module software Replace module
1996 car failure
00V374000 NOV 13, 492 Electric 1998 Battery pack overheating Battery pack module soft-
2000 passenger ware update
truck
01V025000 FEB 03, 353 Passenger 1999 Brake warning light does not display Update software in instru-
2001 car due to software problem ment cluster
99E023000 JUL 29, 1362 Engine 1999 Engine stall because of software Update ECU software
1999
00V131003 MAY 30, 3 Cargo truck 2000 Wrong gear selection in transmission Replace autoshift transmis-
2000 due to software problem sions
13V 040000 FEB 06, 3644 Passenger 2003- Unintended airbag deployment Replace controller
2013 car 2004
04V254000 MAY 27, 8189 Motorcycle 2004 Wrong speedometer reading Software update
2004
05V208000 APR 27, 153 Natural gas 2002- Unexpected throttle surge due to Update ECU software
2005 bus 2005 compressed natural gas ECU
05V153000 APR 15, 216 Ambulance 2002- Electric power sequencing problem Install new transistor board
2005 2005 causing overheating and fire risk
11V395000 AUG 04, 1512107 Passenger 2005- Stalls due to transmission damage Update automatic transmis-
2011 car 2010 sion control module software
14V047000 FEB 10, 2190934 Passenger 2005- Engine and airbag disabling due to Replace ignition switch
2014 car 2011 ignition switch disconnection
06V220000 JUN 19, 433 Passenger 2006 Certain operating conditions lead to Improve engine compart-
2006 car engine compartment temperature ment cooling, modify ECU,
increase that may damage alternator  and install new alternator
06V493000 DEC 29, 50 665 Passenger 2007- Brake lockup Reprogram the ABS ECU
2006 car 2008
13V500000 NOV 01, 344187 Passenger 2007- Unintended braking by Vehicle Instal new yaw rate sensor
2013 car 2008 Safety Assist System (VSA)
08V595000 NOV 14, 2500 Passenger 2008 Transmission software may perform Reprogram engine and trans-
2008 car a multistage downshift that could mission control unit software
stall the car
11V534000 NOV 04, 38444 Passenger 2008- Delay of 30ms between first and Reprogram sensing and diag-
2011 car 2009 second dual-stage airbag deployment nostic module
resulting in head injury criteria
requirements non-compliance
12V 064000 FEB 17, 20512 Motorcycle 2008- Insufficient battery charging leading Replace voltage regulator
2012 2011 to stalls
13V233000 JUN 04, 254 396 Passenger 2010- Seatbelt pretensioner and airbag Software update
2013 car 2012 non-deployment in crash
14V 053000 FEB 12, 698 457 Hybrid 2010- Stalls due to power electronics Software update for motor/-
2014 passenger 2014 shorting generator control ECU and
car hybrid control ECU
14V522000 SEP 02, 1810 Electric car 2010- Brake vacuum pump malfunction Reprogram or replace brake
2014 2014 vacuum pump controller
13V283000 JUL 02, 224264 Passenger 2013 Wrong side airbag deployment Flash occupant restraint
2013 car control module
13V328000 JUL 29, 11097 Motorcycle 2013 Stall under deceleration Replace ECU
2013
14V 006000 JAN 13, 29222 Electric car 2013 Overheating power cables while Over-the-air software update
2014 charging
14V138000 MAR 25, 989701 Passenger 2013 Occupant classification system Update OCS software
2014 car (OCS) may classify seat as empty
when occupied
13V506000 OCT 17, 207 Passenger 2013- Remaining fuel overestimation Update instrument cluster
2013 car 2014 leading to possible stalls software
14V173000 APR 03, 5700 Passenger 2014- Power Control Module (PCM) stops Reprogram PCM
2014 car 2015 charging battery
14V551000 SEP 10, 19 Diesel cargo 2015 Engine stalls due to incorrect Reprogram ECU
2014 truck parameter setting in software

Table 4: Specific E/E notifications from the NHTSA dataset, where “Camp. No.” is the NHTSA campaign
number, “Date” is the notification date, and “Pot. Aff.” is the number of potentially affected units.
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http://www-odi.nhtsa.dot.gov/owners/SearchResults?searchType=ID&targetCategory=R&searchCriteria.nhtsa_ids=13V328000
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Camp. No. Date Pot. Aff. Type Model Resolution

Years
03V033000 FEB 05, 2003 19500 Passenger truck 2003 Reprogram ECU
10V231000 JUN 01, 2010 372 Low speed vehicle 2010 Accelerator pedal replacement
13E068000 DEC 12, 2013 496 Transmission 2010-2013 Update hybrid control module software
13V633000 DEC 16, 2013 29 Bus 2013 Update hybrid transmission software
14V 026000 JAN 30, 2014 22 Bus 2014 Update hybrid transmission software
14V 042000 FEB 07, 2014 114 Bus 2014 Update hybrid control module software
14V303000 MAY 28, 2014 2 Bus 2014 Update hybrid control module software
14V583000 SEP 22, 2014 6562 Passenger car 2015 Reprogram engine control module (ECM)

Table 5: E/E notifications for unintended acceleration, where “Camp. No.” is the NHTSA campaign
number, “Date” is the notification date, and “Pot. Aff.” is the number of potentially affected units.

5 DISCUSSION AND LIMITATIONS

During the analysis of the different datasets, we made several observations that are relevant to put the work
into context and should be interesting for work that repeats our analysis with future data.

5.1 Observations

The datasets show a clear upward trend in the number of E/E notifications. This trend has an obvious
correlation with the number of ECUs reported for motor vehicles (Table 1). Our conjecture is that since
recent motor vehicles have significantly more and more complex E/E systems (e.g., computerized control of
all subsystems is standard and active driver assistance systems are becoming available), this inherently leads
to more problems related to E/E systems. Consequently, the absolute number of E/E notifications increases
over the years. Additionally, it is common to reuse E/E systems across vehicles, so the number of vehicles
potentially affected by an E/E notification is also typically higher than for Non-E/E notifications.

Not all countries make their datasets accessible. We tried to obtain datasets from many different sources,
however, the quality of the data available and the access methods vary. For example, the NHTSA and
Transport Canada make the complete dataset available for download in one database file. The UK also
provides a dataset that may be downloaded as one file, but that we did not analyze in this study [28].
RAPEX only provides an online interface that permits exports of at most 1000 entries at a time. The
Kraftfahrt-Bundesamt (German) provides no download option and intentionally limits (as confirmed with
the Kraftfahrt-Bundesamt) searching for notifications to only specific entries after entering brand, model,
year, and type of notification (e.g., brakes). Australia provides static web pages with very limited ability to
search [29]. Furthermore, the Australian site only lists rudimentary information about each notification. We
contacted the Australian organization (the Australian Competition and Consumer Commission [ACCC]) to
acquire the dataset, but at the time of this writing, we have not received a response. The inaccessibility of
datasets limits the ability to perform an analysis of notifications on a global scale. We hope that in the future,
more governments will embrace an open data mentality, and make the data easily accessible. Additionally,
we hope that the regulatory authorities will make permanent URLSs available for all notifications (e.g., using
the campaign numbers), as the URLs we give in Table 4 and 5 may break over time.

Some datasets do not use a controlled vocabulary to ensure consistent labeling. Libraries use a con-
trolled vocabulary, usually called thesaurus, to ensure that entries in the dataset are labeled consistently.
The NHTSA and Transport Canada seem to use a controlled vocabulary, because we did not find many
inconsistencies between entries. RAPEX does not seem to use a controlled vocabulary. Consequently, no-
tifications concerning vehicle safety can be filed under, for instance, “passenger vehicle” or “passenger car”.
Furthermore, the lack of a controlled vocabulary permits spelling mistakes and makes certain notifications
difficult to find. For example, we found one entry that misspelled the word “vehicle” and was consequently
not found with the original search terms. Finally, the RAPEX database seems to contain a number of
spelling mistakes across different columns in the notifications, as well as inconsistent style. For example,
in the column on measures adopted by the notifying country, some entries have a colon symbol at the end
(e.g., “Voluntary measures: Voluntary corrective action taken by the manufacturer:”); or just a typo as in
“Voluntary measures: Voluntary corrective actions take by the importer”. We have informed the maintainer
of the dataset of these inconsistencies, but at the time of the submission have not heard whether they will
address them.
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The datasets provide different content and consequently a direct comparison to evaluate bias becomes
impossible. Each dataset contains data that is not contained in the other datasets. For example, the RAPEX
dataset contains a significant number of notifications for motorcycles, while the dataset from Transport
Canada includes recreational vehicles, all-terrain vehicles (ATVs), and snowmobiles. Finally, the NHTSA
dataset includes detailed supplemental information (e.g., how to fix the problem and the response from the
manufacturer and access to significant supplementary documentation), while the other datasets only include
short text fields. The significant differences between the type of data stored in the datasets unfortunately
prevented us from more sophisticated comparisons. It would have been interesting to relate the data and
identify potential bias of the different agencies involved in processing and publishing the notifications.

5.2 Threats to Validity

We actively tried to reduce classification errors in our manual classification. The classification completed by
the two undergraduate students was reviewed by one of the co-authors of the paper. The review consisted of
two phases. The first phase involved automated sanity checks on the data. For example, do all notifications
with the same notification ID, but assigned to different vehicle models, have the same overall classification.
In other words, we checked whether a notification has inconsistent labeling. Any elements found during the
sanity checking were returned to the undergraduate students for re-classification. The second phase involved
a review of a subset of the classified notifications to confirm that they are correctly labeled. Nonetheless,
mis-classifications can still happen and judging whether a notification is an E/E notification based on a short
textual description is subjective in several cases. Additionally, all analysis presented included all entries in
the datasets, which may also cover systems like tires, child seats, etc., so many E/E results presented may
be conservative estimates since tires and child seats are generally Non-E/E, although the total numbers of
these notifications represent at most a few percent of the notifications.

An additional criticism of the analysis presented in this paper is that it could be subject to confirmation
bias. As an attempt to avoid confirmation bias, we used multiple independent datasets, and the Transport
Canada and RAPEX datasets were analyzed independently from the NHTSA dataset. The datasets were
also compared for consistency to publicly available aggregate reports, such as the 2012 NHTSA Annual
Report [30]. For the aggregate analyses presented in the figures in this paper, the Transport Canada and
RAPEX datasets were analyzed using R and the NHTSA dataset was analyzed using MATLAB. All figures
in this paper were created using R. Additionally, we do not make any claims that increasing numbers of E/E
systems in motor vehicles is correlated with or decreases overall safety, such as measured using numbers of
fatalities, injuries, or crashes.

Since the datasets can contain spelling mistakes, our data might be incomplete. For example, for the
RAPEX dataset, we used specific search terms to extract notifications for motor vehicles. Spelling mistakes
in the original dataset (e.g., “vehilce” instead of “vehicle”) are not picked up by the search terms and
consequently excluded from the list. Also in the automated classification performed on the NHTSA dataset,
spelling mistakes will have significant consequences. We tried to counteract this by searching for slightly
misspelled versions of the text, however, naturally, we might have missed something. A better solution would
be to use natural language processing (NLP) tools, which we plan to do in the future. We still believe that
our dataset is comprehensive and representative, because in the occasions where we found misspelled words,
the search produced only a single or a few matching records.

5.3 Takeaway Messages: A Call to Action

Next, we discuss several takeaway messages from this survey of E/E notifications for motor vehicles.

Fixing things late is expensive. This discussion would be remiss without mentioning the recent Toyota
unintended acceleration problems, which did not have E/E notifications in the datasets analyzed. Sudden
unintended acceleration is the unintended, unexpected, uncontrolled acceleration of a motor vehicle [31]. Asis
well-known in software and systems engineering, correcting problems late in the development process, or after
deployment, can be expensive (financially, in manpower, delays to market, reputation, etc.) [32, 33]. These
unintended acceleration investigations highlight this observation, albeit in an extraordinary way beyond the
typical finding a defect late in the development cycle and having to redesign and retest to fix it. This
scenario did have two related Non-E/E notifications, together affecting over 4.5 million vehicles with model
years from 2004 to 2010 of several models, for pedal sticking and floor mats (09V383000 and 07E082000).
NASA and the NHTSA conducted a ten month study of the Electronic Throttle Control System (ETCS)
and failed to find any definitive electronic or software causes for the unintended acceleration [34, 35, 36]. The
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investigations concluded that the unintended accelerations were likely due to three possible reasons: operator
misapplication, accelerator pedals sticking, or accelerator pedal entrapment in the floor mat. However, the
2013 Bookout v. Toyota case was premised partly on there being problems in the ECTS architecture and
software [37]. During the testimony in this case, problems in the ETCS architecture and real-time software
were explored, and a conclusion was drawn that some best practices were not followed that made the ETCS
be another possible source of unintended acceleration [38, 39, 40].

In 2014, the US Department of Justice (DOJ) made a USD $1.2 billion criminal penalty charge as a
part of the unintended acceleration problems [40, 41]. The NHTSA also levied the maximum fines, for a
total cost of $48.8 million [42]. Additionally, in 2013, related class action lawsuits were settled for a total
cost of USD $1.6 billion [40, 43]. Publicly available reports [34, 36] and additional details that arose in the
Bookout v. Toyota case [38, 39, 40] suggest that the software codebase covered in the ETCS was on the
order of 1 million source lines of code (LOC) [44, Table A.7-1]. Combining solely these three large legal
costs to a total of approximately USD $2.85 billion suggests a per-LOC cost of between $285 to $2 850. This
estimate of the per-LOC cost excludes other real costs such as those from development, testing, etc., but of
course also excludes both (a) liability of the other possible sources of unintended acceleration (user error,
pedal sticking, and floor mat entrapment), and (b) the cost of other (non-software related) aspects of the
engineering, manufacturing, and other processes. Typical estimates of software development cost per-LOC
range from around USD $10 in general embedded systems to USD $50 in aerospace and medical devices [45].
From this purely financial standpoint, perhaps additional investment in the earlier development, engineering,
and verification and validation stages are warranted in motor vehicle engineering, particularly with regard
to E/E systems and software, especially with the move toward autonomy and connected vehicles that will
rely on more complex E/E systems.

Need for better validation and verification methods. With the surge of active driver assistance
systems (ADAS), the number and complexity of E/E systems in cars will increase drastically. Consequently,
the validation and verification methods used for E/E systems must scale with this surge. Furthermore, the
integration of these new ADAS will require additional attention as the testing effort will grow exponentially
with the increased number of E/E systems. Finally, the current methods will need to be adapted to cope
with new challenges such as sensor fusion [46] and machine learning for ADAS.

Improved collaboration between international data sources. The datasets provided by the different
regulatory agencies (the data sources) are not directly comparable. Additionally, while the NHTSA maintains
information on foreign notifications (http://www-odi.nhtsa.dot.gov/frecalls/), this does not include
the same information and is not in the same format as the US domestic notification information. The
regulatory burden could perhaps be more easily spread across nations, or at least the information collected
should be consistent.

Security problems are ignored at the moment. An interesting aspect is that the notification datasets
lack information on security risks (other than some instances for vehicle entry and theft). Security is a
serious threat to modern vehicles and can affect safety [47, 48, 11]. As vehicles become increasingly connected
(such as through communications like vehicle-to-vehicle and vehicle-to-infrastructure [49]), security will play
an increasing role in generating E/E notifications. It is not clear if including security notifications in the
(primarily safety-related) datasets analyzed in this study is the right action plan. Creation of a motor vehicle
security notification dataset and reporting service—similar to those operated by various companies and the
US government through the US Computer Emergency Readiness Team, https://www.us-cert.gov/—may
be the right path forward for tracking and reporting security defects in vehicles. Regardless, regulation
of security in vehicles is likely to occur in the coming years (as indicated by recent legislative reports [50]
and ongoing lawsuits [51]), and regulatory agencies should monitor security defects in motor vehicles and
maintain notifications for them.

6 CONCLUSION

This paper used datasets on safety-related notifications for motor vehicles from three different jurisdictions
(the United States, Canada, and Europe) to identify facts and trends related to E/E systems. We have
identified the trend that E/E-related problems are increasing over time, shown evidence that E/E defects
are latent for a longer time than Non-E/E defects, identified that E/E systems are more prone than Non-
E/E systems to fire hazards when defective, and finally provided a ranking of the systems related to E/E
notifications. Based on this analysis, a couple additional observations, and the compelling concrete examples,
we formulated a call to action for researchers, regulators, and manufacturers. The analysis presented in this
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paper is only the first step. In future work, we plan to further refine the labeling in the database, for example
using NLP [52], and build prediction models based on the data.
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ABSTRACT

This paper describes the development of a basic finite element simulation model of a concept for an adaptive
structure made with carbon fiber reinforced plastic materials. Thereby in particular the prediction of the
mechanical properties of necessary deformation zones in the structure, that are realized with an elastomer matrix
system, is challenging due to the different properties of this material compared to conventional composites.
Available material models in the FE-Code LS-DYNA are analyzed for their usability in this task. For the
parameterization of the material models a number of coupon tests are conducted and the deviations between the
material with the elastomer matrix and the material with the conventional duromer matrix systemisanayzed. The
results of these testsis used to validate the material models for both, the material used in the expansion zone and
the conventional composite material in the rest of the structure. It is shown, that the prediction of the shear
properties of the elastomer based material creates difficulties with the used material model (MAT_54) but in total
the correlation between test and simulation is good and comparable for both materials.

The first task that has to be approved for an adaptive structure made of FRP-materials is the expansion-process
from the initial to the pressurized final geometry. For this purpose a quasistatic inflation test is performed. The
results of the test and a corresponding simulation correlate well for the pressure at which the expansion of the
structure begins. Regarding the maximum burst pressure and the location of the material failure deviations
between test and simulation occur. Possible reasons for this deviations are analyzed and discussed.

Finally the additional necessary stepsin the creation of a predictive simulation model for an adaptive FRP structure
under crash-load and possible approaches for the latter are discussed.

INTRODUCTION

Currently the automotive industry is highly demanding simulation models that are able to predict and optimise
the crash behaviour of mass produced Fibre Reinforced Polymer (FRP) composite structures, which will be
increasingly used in vehiclesin the future. The ability to investigate crashworthiness of FRP vehicle structures by
numerical simulation is very important for these lightweight materials to see widespread use in future cars.

In this paper, the current status of the development of simulation models for shape-adaptive FRP-Structures, as
shownin (1), isdescribed. It isanalysed if state-of-the-art modelling-approaches and existing material models can
be used, or if novel developments are necessary to predict the mechanical properties and behaviour of such
components. The process of the parameterization of a material model, including the conduction of material tests
as well as the validation of the models, is described.

MOTIVATION

Shape-adaptive FRP-Structures address the demand for lightweight vehicles structures as well as the need for
reduced injury-risk of car occupants. The potential benefits of those two topics are summarized in the following:
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Use of FRP-Materialsin automotive application

The increasing demand on reduced emissions, lower fuel consumption and higher safety in the automotive
industry requires not only adevelopment of alternatively powered vehicles, but a so consistent lightweight design.
The use of lightweight materials such as glass or carbon FRP is a possible approach to achieve these goals. In
contrast to metal materials FRP have very high values for specific stiffness and strength. The usage of FRP
structures within new vehicle concepts beneficialy leads to a further enhancement of structural safety while
lowering the vehicle’s mass.

Compared to metal materials the use of FRP for the Body-in-White (BIW) shows a weight saving potential of up
to 60% to 70% (2), (3). This potential has been exploited for many years in motorsport and comes more and more
into focus for conventional cars. In particular for future alternatively powered vehicles, weight saving is directly
linked to increased range which brings FRP-materials into such carsin greater extent (e.g. BMW i3 (4)).

In addition to the weight saving potential FRP also show a very high ratio of energy absorption per weight,
compared to metal structures (CFK~ 100kJ/kg vs. Al ~50kJ/kg (5)). This makesit a very interesting material for
the crash-structures in a car. Actual applications can be found predominantly in sports cars (e.g. Mercedes SLR
(6)) but as soon as some shortcomings of those materials (e.g. cost, recycling, ...) are solved, it isvery likely that
they are applied also in more vehicle typesin the future.

Adaptive structuresin automotive application

Recently expandable structures, which provide different mechanical properties due to a geometrical adaptivity,
have come into focus of vehicle safety development. These structures are principally folded in their undeployed
state to minimize the cross section. Thus these adaptive structures are very compact, which brings benefits
regarding packaging in the vehicle. Due to the fact of cross sectional adaptivity, the structure shows very high
potential concerning weight reduction. Wall thickness can be reduced due to increased stiffness, as aresult of the
increased moment of inertia by the expansion of the structure and additionally also due to the pressure within the
structure (7).
Adaptive crash structures show potential for further increase of safety and lightweight performance. Different
approaches with varying design goals and realisations have been discussed in recent publications. The main goals
for the use of adaptive structures can be summarized as described in (8):

- Increase of deformation length

- Increase/decrease of crash load levels

- Increase of energy absorption

- Weight reduction

- Packaging benefits

One dternative approach describes the goal of improving the driver’s vision by use of adaptive A-pillars (9).
Adaptive structures made of steel have already been developed by Daimler AG and used in prototype vehicles
such as the Experimental Safety Vehicle (ESF 2009). For example, by expanding structural components to the
ouside of the car, additional space for deceleration of impacting objects is created, which leads to a significant
reduction of intrusion velocities of the door in case of aside impact (10).

When one tries to combine the above described benefits of FRP material and crash adaptive structures, an
elementary question arises: Is it possible to realize a structure that allows for geometrical adaptivity with FRP-
materials that are typically very stiff and allow only very low enlongations at failure?

One possible concept for a successful realisation of such a solution is described in (1). For a better understanding
of the development of a corresponding numerical model, the chosen approach for this structure is summarized
briefly.

For therealization of a shape adaptive CFRP (carbon fiber reinforced plastic) structure anovel hybrid-matrix
approach is used to integrate multiple matrix materialsinto one CFRP structure. This hybrid-matrix approach
allows the local integration of elastomer matrix material. Since the matrix material significantly influences
the bending stiffness and strength in FRP, an elastomer matrix material leads to a strong flexibilization (11).
Herewith, alarge geometry change in FRP structures can be realized.

Based on the hybrid-matrix approach a suitable design concept for areinforcing door structure is devel oped
which is capable of a significant change in shape in case of an inner pressurization.

In the unpressurized state the hollow structure has a u-shape cross section at the expansion area (see Figure
1). In case of pressurization the cross section areas with the elastomer matrix material can change into a
semicircle shape, which almost leads to a doubling of the structure’s moment of inertia. The bottom area of
the cross section geometry as well as the end area of the structure do not change their geometry due to the



rigidity of the thermoset matrix material. At the rigid end areas both, the fixation to the door frame and the
integration of the pressurization device can be realized.

Un-pressurized geometry Pressurized geometry

/
g !\ Rigid end area

Expansion area

+—— Elastomer matrix E
E A-A B-B e
E \ ‘ @
=
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«— » —  »
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Figure 1: Shape adaptive FRP-Structure

This design concept represents the background for the manufacturing of prototypes which are tested regarding the
inflation behaviour and their mechanical propertiesin pressurized and un-pressurized state.

The materials in the expansion area of this structure vary considerably to conventional FRP-materials with rigid
thermoset resins as matrix materials. In particular the large strains that have to be sustained in the expansion-area
require tailored material properties.

In addition to the proof of concept with prototypes as described above, numerical models of the used materials
are developed and validated with coupon- and component-tests. In this paper the process of the development and
validation of the material models, that are able to predict the mechanical behavior the adaptive FRP-Structure
described in (1) is shown. Prior to that the state-of-the-art modelling techniques as well as the available standard
material models are analyzed.

METHODS

In general the FE-simulation models are set up based on athree level development processthat is shown in Figure
2. This process consists of a basic material, a principle component and finally of a full vehicle implementation
testing and validation level.

Level 1 Level 2 Level 3

Material Testing Component Testing
& Validation & Concept Evaluation

Figure 2: Development process of FE-Model of adaptive FRP Structure

Implementation

At the material level, tests on coupon level are performed to derive the necessary data for the parameterization of
the selected material models. In addition to the tests literature datais used (if available) for the verification of the
test results.

At the principle component level the derived FRP simulation approaches are used to develop and evaluate the
functionality and effectivity of design concepts of adaptive FRP structures. The FE models are used to investigate
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and evaluate the adaptive behaviour of the FRP structure. Therefore all essential influencing parameters to the
adaptive structure like, for instance, the use of different materials, wall thickness, FRP lay-up, position of the
elastic areas, needed internal pressure for the unfolding process as well as the maximum burst pressure of such
structures will be investigated in detail. Moreover, the FE simulation will be used to configure the setup for the
component tests.

Once the second validation step is finished, the designed adaptive structure can be integrated into a full-vehicle
simulation model and its potential regarding weight saving and increase of occupant safety can be assessed.

Beginning with a review of possible modelling techniques and available material models, a first simulation
approach which is capable of predicting the behaviour of the laminate is defined. In order to derive the parameters
necessary for the material models, a series of coupon tests are conducted and for each test a corresponding
simulation model with the adjusted boundary conditions is created. Beginning with literature values and
information of data-sheets, the material parameters are optimized iteratively to fit the test results as closely as
possible. For this process also optimization tools (LS Opt) are applied.

In the following, the used data and the selected numerical tools are described in detail and the results of the first
two validation steps are presented.

MATERIAL TESTING AND VALIDATION
Simulation approach for the laminate

In general, modelling techniques for FE simulation have to be classified into simulation of FRP UD
(unidirectional) and woven laminates. First, UD laminates are simulated by the use of solid and layered shell
element formul ations in combination with special FRP material models. With the aid of these material modelsthe
elastic behavior as well as the failure and damage behavior can be simulated based on several available failure
and damage criteria (e.g. (12)). Second, woven laminates are basically simulated by the use of two different
modelling approaches (13), the cross ply and the smeared ply approach (see Figure 3).

These specia approaches are motivated by the fact of interweaved, undulating fibersin warp (0°) and weft (90°)
direction within one single layer. Within the cross ply approach interweaved fibers are split into two single
unidirectional layers with half the thickness of the real woven single layer. One represents the warp and the other
one the weft fibers. In contrast, within the smeared approach the warp and weft properties are smeared to one
single layer.

In general the smeared approach is easier to apply concerning parameterization of the material models but gives
less quality results regarding failure behavior. Thisis caused by the fact that existing failure criteria are designed
for UD laminates but not for woven ones. In contrast, the cross ply approach is more elaborate regarding the
parameterization of the material model caused by the split modelling of the woven fabric. Within this approach
the failure and damage behavior can be simulated by using the existing failure criteria.

For this study the cross ply approach is used for ssimulation of woven laminates within the adaptive CFRP
structure. The simulation of possible failure and damage mechanism during pressurization and external loading is
of main interest to evaluate the structural effectivity of the adaptive structure.

cross ply approach |

smeared approach

N

unidirectional

I

Figure 3: Modelling approaches for woven fabrics

Selection of material model

Once the modelling approach is set, a suitable material model has to be selected. As the properties of the used
materials (i.p. expansion zone) vary significantly from conventional thermoset FRPs, it has to be evaluated firstly
which material model can describe the mechanical behavior in the best way. The used FE-Code LS-DY NA offers



a large variety of available material models dedicated for the smulation of FRP-materials (14) with different
advantages and disadvantages (15).

With the chosen modelling approach of the laminate comes the need for the definition of material parameters that
describe the integral mechanical properties of the FRP-material. A possible first step isto calculate the laminate
properties (e.g. stiffness, strength in principal axis) based on the material properties of fiber, matrix system and
the layup (16). This generally provides agood initia value for the subsequent validation with experimental data.
With these determined first material parameters the different available material models of LS-DY NA were filled
in, to provide an initial estimation of the usability of the different material models. With the comparably simple
models: MAT_22, MAT_54 and MAT_58A, aready a good correlation can be achieved. For those material
models the previous calculation of the mechanical properties provide most of the required input parameters. For
non-existing input parameters the material card must be completed with literature data and assumptions.

The application of more recent material models such as MAT_261 and MAT_262 is currently not considered,
because they require very extensive material testing for the determination of the individual input parameters. For
these material models many assumptions would have been necessary, which would have led to a worse
predictability of the models.

Performed coupon tests

The data required for the parameterization of the models can be divided into “basic” data (e.g. Youngs modulus,
poisson ration, etc. in longitudinal and transverse direction) and parameters that describe the material behavior
after failure. In particular for the latter, the more complex material models (e.g. MAT_261, ...) need more
parameters for the definition and validation of the failure- and damage models and therefore require additional
test configurations.

The values of the “basic” material parameters can be determined with tensile and compression tests in different
layup configurations. For the shear properties atensile test with a[+45°]s laminate has to be carried out.

In order to be able to parameterize the material models used in the adaptive structure, the material used in the
flexible areas as well asthe stiffer material with the duromer resin system have to be examined.

An overview about the conducted testsis given in the following figure:

Test Norm No. Of Tests
Tensile Test[0/90). | DIN EN ISO 527 5
Tensile Test [+45/-45]. | DIN EN ISO 527 5
Compression Test Boeing 5
[0/90], Compression Test
Compression Test Boeing 5
[+45/-45]. Compression Test |
ENF [0/90]. AECMA prEN 6034 5 ?Kﬁﬁfﬁ?
DCB [0/90]. ASTM D5528-01 o Eihon Fanser Vel 209
MMB [0/90], ASTM D6671

Figure 4: Overview of performed coupon testsin the MATISSE Project

For the creation of the first simulation models, only the tension and compression tests are used. They are going to
be analyzed further in the next chapters. The additional three tests (ENF, DCB and MMB) are used for the
validation of a novel delamination model which is not part of this publication. This model has already been
presented in (17) and (18).

Results - Validation of material models

In the following the results of test and simulation with the final material model are compared and discussed:

Elastomer matrix system — Expansion area of adaptive structure

For the expansion area of the shape-adaptive structure, which has to sustain large deformations during the
unfolding process, the material model *MAT_54 was selected. The latter is a simple progressive failure model
for FRP materials. It requires only a few input parameters, thus it reduces the difficulty and extensive material
testing for input parameters. *MAT _54 describes a progressive failure within the limits of strength and strain (19).



For the determination of the input-parameters a number of material testsin longitudina and transverse direction
are performed. In 0° tension loading, the material shows an almost linear behavior up to failure (see Figure 5).
This characteristic can be realized very well by the use of *MAT_54.

The shear component is adjusted by a 45° tension test. Typical duromer based FRPs show a non-linearity under
shear loading (20). The elastomer based FRP does not show such a behavior, its force deflection curve is aso
nearly linear, as can be seenin Figure 5.
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Figure 5: Tension tests: Elastomer matrix system

The simulation results of the [0/90]s laminate under tension loading show a high correlation to the test. In contrast
the results of the tension test with a[+45°]s laminate show a significant difference to the simulation. The increase
of the reaction force under predominant shear loading of the material is overestimated, the elongation at break is
too small whereas the maximum force correlates well with the test results. In the selected material model the
ascent of the reaction force cannot be reduced without degrading the corréelation in the [0/90]s configuration.
Therefore for thisfirst smulation approach the fair correlation in the shear propertiesis accepted.

Under compression load (see Figure 6) ahigher variation in the test results can be seen. In the [0/90]sconfiguration
the curves show a distinct peak value before first material failure occurs. In contrast at the [+45°]s tests the force
level is almost constant when the material beginsto fail. After a certain value of deformation the reaction forces
rise again in both test settings. This characteristic is mainly driven by the test setup.
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Figure 6: Compression test: Elastomer matrix system
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When comparing the test results with the corresponding simulations it can be seen, that in particular at the [0/90]s
configuration the ascent of the reaction force in the simulation is significantly higher. In this test-setup it hasto
be taken into account, that already smallest errorsin the alignment of the upper and lower clamp of the specimen
or deviations in the angle can artificialy reduce the stiffness of the material. This effect is even higher, when
testing soft materials such as the elastomer-matrix system used in this case. Asthe ascent of the reaction forcein
the area of elastic deformation correlates perfectly for the tension test with the [0/90]s, layup it is assumed that the
above mentioned effects influence the results to a certain extent.

For both cases the peak force before material failureis correlating well with the test results. After thisinitial peak
the damage model in the simulation is obviously not capable of representing the real material characteristic. After
failure the broken material is still supporting itself to some extent. In addition, the small test length leads to a
buckling and an increase of thickness, which is not happening in the simulation model. Anincrease of the stiffness
of the material after failure, which would be necessary to predict such a behavior, is not possible in any of the
analyzed material models.

Duromer matrix system — “Stiff” parts of adaptive structure

To simulate the parts of the structure that are built with conventional carbon fiber/duromer material system, the
material model *MAT _58 isused. *MAT _58 is a continuum damage model for representing unidirectional tape
and woven fabric composite materials (21). The material behavior of aconventional carbon fiber/duromer material
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system under atension loading in [+45°]s fiber direction shows a nonlinear load deflection curve, while aloading
in fiber direction resultsin alinear response. Results for the different layups are shown in Figure 7.
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Figure 7: Tension tests: Duromer matrix system

It can be seen that in both configurations the results of simulation and test correlate regarding the peak force and
also the elongation at break. For the [+45°]s tests, the behavior after the peak force as well as the non-linear
characteristic of the f-s-curvein particular in theinitial ascent show a difference to the simulation results.

In case of the compression test with the duromer matrix system and a [0/90]s layup the material fails completely
at very low strain levels. No residual force can be observed. In contrast the tests with [+45°]s shows a certain
residua force but the increase of the reaction forces at larger deformation, as seen with the elastomer matrix
system under compression load, cannot be seen.
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Figure 8: Compression tests: Duromer matrix system
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Comparing the results of test and simulation the values for the initial ascent of the reaction forces correlate well.
The peak forcefitsto thetest resultsin case of the[0/90]s configuration, but is significantly too high for the [+45°]s
layup. The above mentioned issue with the damage model allowing no increase of stiffness after material failure
leads to good results for the [0/90]s and comparable deviations as seen at the elastomer matrix system.

The shown correlation is the result of an iterative optimization of material parameters, whereby their respective
physical boundaries are respected. A compromise setup is chosen in order to minimize deviations between test
and simulation in all analyzed loading configurations.

It can be summarized that the available simple standard material models can be used in order to ssimulate the
mechanical behavior of materials that alow for a shape adaptivity of a FRP structure. The correlation of the
simulation with the conducted coupon tests is comparable for the conventional FRP based on a duromer matrix
system and the material dedicated for the expansion-zones based on an elastomer matrix system.

COMPONENT TESTING AND VALIDATION

Also for the testing, a stepwise approach for the proof of concept was chosen with the final goal to conduct
a dynamic impactor test on an adaptive beam, which is expanded within few milliseconds by a pyrotechnical
inflator. Before that a number of intermediate steps have to be carried out, beginning with the verification,
that the actual expansion process of the beam can be realized without failure of the structure. For this purpose
the structure is pressurized with water, slowly increasing the inner pressure.



Inflation-Test of expandable beam with quasistatic pressure
This test also gives some essential information for the validation of a corresponding numerical model:

- Pressure at which the structure begins to unfold
- Unfolded beam-geometry
- Burst pressure of entire beam

For that purpose the inflator is replaced by a water-pump that slowly increases the pressure within the
structure. As the mountings for the inflator can be used for that purpose, there is ho modification of the
structure necessary. The following pictures show the attachment of the pressurization device and the beam

in the process of unfolding.
g

'

Figure 9: Mounting of pressure transducer Fiﬁre 10: Unfolded shape of beam

This test shows, that the static expansion process of the beam from the folded to the final shape begins at a
very low pressure of around 100 to 200 kPa. After the expansion the elastic areas of the beam are creating a
more or less semi-circular cross-section, whereas the areas with the duromer-resin maintain their initial
shape.

The pressure is further increased to see at which level and at which location the first material failure occurs.
At an inner pressure of around 4.400 kPa, a first small leakage can be observed in the transition area of the
u-shape to the attachment points as displayed in Figure 11.

Figure 11: Expanded structure with initial leakage at 4.400 kPa

This leakage is not necessarily caused by a material failure as water could also have leaked through an area
with higher porosity. Nevertheless, this pressure value gives a first idea of the possible pressure level that
can be sustained.

In order to validate the simulation model of the component with this test, the same boundary conditions as
in the test are applied to the model and the material data, which has already been validated with the coupon
tests, is used.

Simulation approach for theinner pressure

Besides the availability of valid FRP material models a detailed approach to simulate the inflation process
is mandatory for the cost and time efficient development of crash adaptive structures. Therefore, LS-DY NA
offersthree fundamentally different methods to mathematically model the inflation process of the expandable
pressurized structures.



Depending on the optimization task and the level of detail, one of the following approaches can be used:
- Uniform Pressure Method (UP)
- Arbitrary-Lagrangian-Eulerian Method (ALE)
- Corpuscular Particle Method (CPM)

Typically, in the early development stage of crash adaptive structures no inflator specifications like heat capacity,
mass flow rate and temperature profile of the inflowing gas mixture are known (22). Instead of calculating the
inner pressure based on the inflator data the UP-approach offers the possibility to specify an idealized pressure
versus time profile.
Due to the not existing discretization of the inflowing gas mixture the pressure distribution within the structural
component is uniform. Accordingly, thisyields to the following drawbacks:

- exact representation of the internal pressure requires technical measurement during inflation tests of

the original component (hardware needed)
- nolocal interaction between gas and structure due to global pressure value
- evaluation of local temperature or pressure peaks (eg. close to the inflator) not possible

It is obvious that, as soon as the pressurization is realized with an inflator, the CPM or ALE-Method has to
be applied in order to achieve arealistic loading of the structure in the simulation model. For the test with
the quasistatic water-pressurization there is no benefit by applying this more complex approach, therefor the
UP-Method is used.

Results - Validation of component test

In the selected simulation model of the structural member, both ends are constrained allowing only
translational movement in the longitudinal direction of the beam. The structure can expand its shape without
interacting with any other component. The pressure is steadily increased to reach 5.000 kPa after 500ms.
These values are chosen to simulate the “slow” increase of pressure compared to an inflation with a
pyrotechnical device. Even though the material properties are not modelled with strain rate dependency as
described above, still the dynamic of the structure is influenced by the rate at which the inner pressure is
rising in the simulation. The chosen configuration thereby is a compromise in order to limit the necessary
calculation time. The inflation process as well as the curves for pressure and inner volume of the structure
are displayed in Figure 12.
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Figure 12: Simulation of quasistatic pressurization



It can be seen that the volume of the structure in the initial status is about 3 liters. The unfolding and thus
the gain of volume begins at a pressure level of 100 kPa. At a pressure of around 150 kPa the expansion zone
of the structure has completely unfolded and from that time on the increase of volume is caused by a
transition to a more or less circular cross-section of the structure. Even though the pressure during the
expansion process is low, the unfolding itself takes place with high dynamics. This effect correlates well
with the conducted test in which the expansion process also begins already at very low pressure levels.
With increasing pressure also the volume slightly increases until the first material failure in the model at a
pressure level of 2.800 kPa. This failure occurs in the transition area between the attachment and the
expansion zone (see Figure 12, 250ms) which is not correlating with the location of the leakage in the test.
By evaluating the stress-distribution within the layup areas with high loading can beidentified. Thisanalysis
shows, that the area of the leakage in the test is the zone of the structure loaded with the highest shear-
stresses. The part of the structure in which the failure occurs in the simulation is the zone with the highest
principal normal stress.

This leads to the assumption, that the parameterization of the failure models for the two materials found in
the coupon tests does not fit perfectly for the loading situation found in the structure.

Another issue is, that the geometry in the area of material failure shows some very small radii that lead to
discretization errors caused by the mesh. That could be addressed with a refined mesh in that specific part
of the model, which has the drawback of increased calculation time.

SUMMARY/CONCLUSION

The goal of this study was to find suitable material models that are required to allow for an accurate
simulation of the geometrical adaptivity of FRP structures. By comparing the results of conducted coupon
tests with corresponding simulations it was demonstrated, that this goal can be achieved already with
standard material models. The achieved correlation for the elastomer-based material in the expansion-zone
is comparable to the standard-material used in the remaining parts of the structure. For the shear-stiffness of
the elastomer-based CFRP only a fair correlation between test and simulation could be achieved with the
used material model.

Whereas the results in the coupon tests match well, asignificant deviation in the simulation of the component
tests is noticed. With the performed coupon tests only in-plane compression and tension loading was
analyzed. Based on these results the damage- and failure models in the chosen material models (MAT_54
and MAT_58) were parameterized. In the current structure obviously more complex loading conditions occur
(inner pressure, bending load, ...). That might be one reason, why the results for maximum pressure of the
simulation is not matching the results of the component test. This issue suggests additional coupon tests
(e.g.: 3 pt. bending, etc.) in order to have awider basis for the parameterization of the damage models. With
additional material data available also the application of more complex material models can be taken into
account.

The first step in the development process for numerical models of shape adaptive beams is the capability of
the simulation of the unfolding process. Based on this work it can be demonstrated that the used hybrid-
matrix approach, which is one suitable concept for the realization of the necessary flexibility of the structure,
can also be represented in a numerical model. Limitations of the chosen material models and the conducted
coupon test lead to deviations in the correlation between simulation and tests. In order to improve the
predictability of the simulations some possible approaches were discussed.

For the prediction of the mechanical properties of shape adaptive FRP-structures under crash-loads, the
complexity of the modelling increases significantly:

Firstly it is assumed, that the unfolding process itself already causes local damage of the material which can
lead to a weakening of the structure in the actual crash-load. First of all, this effect has to be analyzed by
tests in order to understand the influencing parameters. Then basically two approaches are possible for the
integration of this effect in the model of the structure: Either the used material model provides a “damage-
history” that allows for the use of different parameters for the first loading (expansion — no damage) and the
second loading (crash — pre-damage). Alternatively it is also feasible to run the expansion process in a pre-
simulation and the actual crash-simulation with an exchanged material model.

Secondly it isknown, that FRPs and hereby in particular the matrix materials show a high dependency of the
mechanical properties to the loading velocity (23). This effect was not considered for the above presented
numerical model but for the final purpose of this study it cannot be neglected. For the expansion process as
well as the crash loading itself such effects can lead to a different stiffness and strength of the structure but
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also to different failure modes. Strain rate dependencies can be considered also with the material models
used in this study but the parameterization of these models requires an enormous amount of material testing.

Finally, it has to be considered that for the pressurization of the structure an inflator is used. Depending on
the used inflator-technology the exhaust gas can reach several hundred degrees Celsius. The combination of
hot gas and its high velocity in the area of the inflator, abrasive damage of the structure material can occur.
This needs to be considered in the design of the structure. This effect cannot be simulated, so extensive
testing is necessary.

The global heating of the structure during and after the inflation leads to varying material properties, which
can be significant for plastic materials (24). Due to the very short time of interaction of the hot gas with the
structure, this effect is possibly neglectable but it has to be confirmed for concept evaluation. A heat-
dependency of material properties is not yet realized in available material models of LS-DYNA. So
alternatively, after a pre-simulation for the expansion process the material model can be adjusted to simulate
the material with the actual temperature during the crash-load.

It can be concluded that still alot of research topics have to be solved in order to create a predictive numerical
model of a shape-adaptive FRP structure but with this work afirst step was achieved.
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CONSUMER RESPONSE TO VEHICLE SAFETY RATINGS

Jessica B. Cicchino
Insurance Institute for Highway Safety
United States

Paper Number 15-0069
ABSTRACT

This study assessed how the release of the Insurance Institute for Highway Safety’s (IIHS) new crashworthiness
ratings based on a small overlap front crash configuration and ratings of front crash prevention systems affected
consumer behavior. Telephone surveys were conducted with U.S. Volvo dealers after the August 2012 inaugural
release of the ITHS small overlap frontal crash test ratings, in which the Volvo S60 was one of two models receiving
the highest rating of good, and with U.S. Subaru and Jeep dealers after the May 2013 release of small overlap frontal
test ratings of small SUVs, in which the Subaru Forester was the only model rated good and the Jeep Patriot was
rated poor. Additional surveys were conducted following the September 2013 inaugural release of IIHS’s front crash
prevention ratings with U.S. Subaru, Volvo, and Cadillac dealers, automakers that offered automatic emergency
braking systems receiving the top superior rating; U.S. Ford dealers, which offered a forward collision warning
system rated basic; and U.S. Hyundai dealers, which had no rated system and offered little collision avoidance
technology at the time.

Nearly half of Volvo dealers and 75% of Subaru dealers reported increased consumer interest in the S60 and
Forester models, respectively, after their good ratings in the small overlap frontal test were broadcast. Volvo dealers
reported a 41% increase in sales of the S60 and an 18% increase in sales of all Volvo models the week following
this announcement compared with the week before. Subaru dealers reported a 14% increase in sales of the Forester
and an 11% increase in all Subaru models compared with the week before the announcement, while Jeep Patriot
sales declined slightly and sales of all Jeep models were essentially unchanged. About a third of Subaru, Volvo, and
Cadillac dealers and 10% of Ford dealers reported increased consumer interest in front crash prevention systems
after the inaugural ratings were released. Sales for all surveyed automakers declined from the week before the front
crash prevention rating announcement to the following week. However, sales of Subaru, Volvo, Cadillac, and Ford
models with rated systems declined 41% less than sales of Hyundai models, and sales of all models from these
automakers declined 6% less than sales of Hyundai models. The findings suggest that well-publicized safety ratings
can translate directly into changes in consumer vehicles purchases.

INTRODUCTION

Surveys of the public [1-5] and of recent new vehicle buyers [6] in the United States, Canada, and Europe conducted
during the past decade have found that consumers find safety to be an important consideration when purchasing a
new vehicle. About half of drivers surveyed in the United States [4] and Europe [3] reported they have researched
the protection vehicles would provide in a crash, or that such information has been useful to them in choosing a new
vehicle to purchase. Drivers also consider technology that improves vehicle safety when choosing vehicles. In a
survey of U.S. vehicle owners [2], 58% reported that a vehicle having proven and tested technology was highly
influential in new vehicle purchases. Approximately half said they would be willing to pay extra for enhanced safety
features in vehicles.

The Insurance Institute for Highway Safety (IIHS) has provided information to U.S. consumers about vehicle safety

since the mid-1990s. ITHS introduced a new vehicle crashworthiness test, the small overlap frontal crash test, in
2012. The test is designed to replicate the vehicle damage and motion that occurs in a collision where a small
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portion of the vehicle’s front end contacts the struck object, such as when the front corner of a vehicle collides with
another vehicle, or when a vehicle strikes a tree or utility pole. In the test, 25% of a vehicle’s front end on the driver
side is crashed into a rigid barrier at 64 km/h. Compared with the moderate overlap frontal crash test, involving 40%
of the vehicle’s front end, the small overlap test puts higher stress on the outer part of the vehicle’s safety cage,
which typically is less protected by the vehicle’s crush zone structures. The top rating possible in this and ITHS’s
other crashworthiness tests is good, followed by acceptable, marginal, and poor ratings.

ITHS expanded its vehicle ratings program in 2013 to include front crash prevention systems. Vehicles that brake
autonomously in the event of an imminent frontal collision can earn ratings of advanced or superior based on
performance in tests conducted at 20 and 40 km/h. For the top rating of superior, vehicles with autobrake must avoid
a crash or reduce speeds substantially in both tests. For a rating of advanced, vehicles with autobrake must avoid a
crash or reduce speeds by at least 10 km/h in at least one of the two tests. Vehicles earn a rating of basic if they have
a forward collision warning system that meets National Highway Traffic Safety Administration performance
criteria.

New IIHS vehicle safety ratings are typically publicized to the U.S. public through hundreds and thousands of
television broadcasts and extensive coverage by print and internet news media. Although there is evidence that many
consumers factor safety ratings into their vehicle purchase decisions, it is unknown how safety ratings translate into
sales of specific models that receive high and low ratings. To investigate this, [IHS conducted three surveys of
dealers about consumer interest in and sales of recently-rated vehicle models.

Volvo dealers were interviewed following the inaugural release of small overlap crash test ratings with midsize
luxury vehicles on August 14, 2012, in which the Volvo S60 was one of two of the 11 vehicles tested to earn the top
rating of good. Suburu and Jeep dealers were interviewed following the May 16, 2013 release of small overlap crash
test ratings of 13 small SUVs. The Suburu Forester was the only vehicle rated good in this round of small overlap
crash testing and the first vehicle tested by ITHS in the small overlap configuration with top ratings in all aspects of
the test. The Jeep Patriot was one of five vehicles rated poor. Press coverage of the test release tended to highlight
the Subaru Forester and Jeep Patriot as examples of good and poor performers, respectively.

A final set of interviews with Volvo, Cadillac, Subaru, Ford, and Hyundai dealers was conducted following the
September 27, 2013 inaugural release of front crash prevention ratings of midsize cars and SUVs. The Cadillac ATS
and SRX equipped with Forward Collision Alert and Automatic Collision Preparation, the Subaru Legacy and
Outback equipped with EyeSight, and the Volvo S60 and XC60 equipped with City Safety and Collision Warning
with Full Auto Brake and Pedestrian Detection were six of the seven vehicles rated superior. The Volvo S60 and
XC60 equipped only with City Safety, which brakes autonomously at low speeds and was standard equipment on
these models, were two of the eight vehicles rated advanced. The Cadillac ATS and SRX equipped with Forward
Collision Alert only, which warns of an imminent forward collision but does not include autobrake, and the Ford
Edge, Explorer, Flex, and Fusion equipped with Collision Warning with Brake Support were six of the 28 vehicles
that earned a basic rating. Hyundai had no models that were rated for front crash prevention in September 2013 and
sold few vehicles with front crash prevention systems at the time.

METHODS

Telephone interviews were conducted by OpinionAmerica Group (Cedar Knolls, NJ), a professional survey
organization. Phone numbers were obtained for dealerships from publicly available directories. Following the
August 14, 2012 and May 16, 2013 small overlap ratings releases, interviews were attempted with all U.S. Volvo
dealerships during August 28-September 6, 2012, and with all U.S. Subaru dealerships and a sample of the more
than 2,200 U.S. Jeep dealerships during June 17-July 16, 2013. Of the 310 Volvo dealerships called with working
phone numbers, interviews were completed with 206 (66%) and 2 (1%) refused. Subaru and Jeep dealerships were

Cicchino 2



called until 275 interviews were completed with each. Thus, among dealerships with working phone numbers, 47%
of the 589 Subaru dealerships called completed interviews, 20 (3%) refused, and 4 (1%) began but did not complete
the survey, and 28% of the 982 Jeep dealerships called completed interviews, 116 (12%) refused, and 6 (1%) began
but did not complete the survey.

Following the September 27, 2013 announcement of front crash prevention ratings, interviews were attempted
during October 28-December 3, 2013 with all U.S. Subaru, Volvo, Cadillac, and Hyundai dealerships, and a sample
of the more than 3,100 U.S. Ford dealerships, with the goal of completing as many interviews as possible with
Volvo dealers and 275 interviews with each of the remaining automakers. Among dealers with working phone
numbers, 275 (48%) of the 572 Subaru dealers called completed interviews, and 59 (10%) refused; 176 (60%) of the
295 Volvo dealers called completed interviews, and 21 (7%) refused; 275 (26%) of the 1,080 Cadillac dealers called
completed interviews, 268 (25%) refused, and 1 (<1%) began but did not complete the survey; 275 (35%) of the 792
Ford dealers called completed interviews, 74 (9%) refused, and 11 (1%) began but did not complete the survey; 275
(32%) of the 851 Hyundai dealers called completed interviews, and 125 (15%) refused. In all surveys, dealers that
were called and did not refuse or begin the survey typically asked to be called back later or did not answer.

Interviewers asked to speak with the dealership’s sales manager or with the general manager or owner if the sales
manager was unavailable. Interviews were most often completed with sales managers (72% of interviews
completed, ranging from 67%-80% among automakers). Surveys lasted about 5 minutes.

RESULTS
Surveys Following Small Overlap Crash Test Rating Releases

Dealers were asked if there was a change in the number of people who had contacted or visited their dealerships
since the mid-August 2012 (Volvo) or mid-May 2013 (Subaru and Jeep) release of small overlap crash test ratings
because they were interested in purchasing a Volvo S60, Subaru Forester, or Jeep Patriot, and if more, fewer, or the
same proportion of customers who had contacted the dealership since the release had mentioned the safety
performance of Volvo, Subaru, or Jeep as a reason for considering the brand. Larger percentages of Subaru (75%)
and Volvo (49%) dealers than Jeep (12%) dealers reported an increase in calls and visits from customers interested
in purchasing the tested vehicle (see Table 1). Subaru and Volvo dealers were likewise more likely to report that
more customers had mentioned the safety performance of the automaker as a reason for considering it (55%-61% vs.
8%; see Table 1).

Table 1.
Customer interest in Volvo, Subaru, and Jeep vehicles and mentions of automakers’ safety and
crash test performance since announcement of ITHS small overlap crash test results (percent).

Volvo Subaru Jeep
(N=206) (N=275) (N=275)
Change in number of people who contacted More 49 75 12
or visited dealership because they are Same 50 24 86
considering purchasing a Volvo S60, Less 1 1 2
Subaru Forester, or Jeep Patriot Don’t know/Refused 0 1 0
Change in number of customers who More 55 61 8
mentioned safety performance of Same 44 35 87
automaker as reason for considering Less <1 1 4
brand Don’t know/Refused <1 3 1
Any customers mentioned automaker’s Yes 68 77 12
performance in recent crash tests as No 30 22 88
reason for considering brand Don’t know/Refused 2 1 1
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More than two-thirds of Volvo and Subaru dealers reported that since the release at least some of their customers
had mentioned performance in recent crash tests as a reason they were considering the automaker, compared with
12% of Jeep dealers (see Table 1). When Jeep dealers were asked if any potential customer since mid-May had
mentioned Jeep’s performance in recent crash tests as a reason why they were having second thoughts about buying
a Jeep, 14 dealers (5%) said yes.

Volvo dealers were asked about the dealership’s sales of the Volvo S60, and of all Volvo models, for four weeks in
2012: July 29-August 4 (two weeks before the release), August 5-11 (the week before the release), August 12-18
(the week during the release), and August 19-25 (the week after the release). Similarly, Subaru and Jeep dealers
were asked about sales of the Subaru Forester or Jeep Patriot, and of all Subaru or Jeep models, for three weeks in
2013: May 5-11 (the week before the release), May 12-18 (the week during the release), and May 19-25 (the week
after the release).

Sales numbers for all models and the rated model in each of the four weeks were provided by 156 Volvo dealers
(78%), and in each of the three weeks by 261 Subaru dealers (95%) and 269 Jeep dealers (98%). Two Volvo dealers
were unable to provide sales data for the period two weeks before the release but did provide data for the subsequent
weeks. Response rates for these questions improved in the survey of Subaru and Jeep dealers because interviewers
encouraged dealer representatives to look up sales numbers if they did not have them readily available, which was
not done in the prior survey of Volvo dealers.

Changes in total sales were examined from the week before the release to the week after the release among dealers
that reported data for all weeks (see Table 2). Volvo dealers reported a much larger increase in total sales of the S60
model (41%) than of all Volvo models (18%), and Subaru dealers reported a slightly larger increase in Forester sales
(14%) compared with sales of all Subaru models (11%). Jeep dealers reported a small decrease in sales of the Patriot
model (2%) and a small increase in total sales for all Jeep models (<1%).

Table 2.
Sales of S60, Forester, Patriot, and all Volvo, Subaru, and Jeep models two weeks before and the week before,
during, and after the release of IIHS small overlap test results, among dealers reporting for all weeks.

Two weeks
before Week before Week of  Week after  Percent change,
Jul 29-Aug4,  Aug5-11, Aug 12-18, Aug 19-15, week before

2012 2012 2012 2012 to week after
Volvo Volvo S60 317 261 329 369 41
(N=156)  All Volvo models 1,046 798 822 944 18
May 5-11,  May 12-18, May 19-25,
2013 2013 2013
Subaru Subaru Forester — 1,243 1,203 1,422 14
(N=261)  All Subaru models — 3,970 3,795 4,397 11
Jeep Jeep Patriot — 426 398 419 -2
(N=269)  All Jeep models — 2,314 2,206 2,325 <1

At the end of the survey, dealers were asked if they knew that the S60 or Forester model had earned a good rating or
that the Patriot had earned a poor rating in a recent IIHS small overlap crash test. Nearly all Volvo (94%) and
Subaru (93%) dealers were aware of the performance of the S60 and Forester, respectively, prior to the survey, but
fewer Jeep (38%) dealers were aware of the Patriot’s performance.

Surveys Following Front Crash Prevention Rating Release
Subaru, Volvo, Cadillac, and Ford dealers were asked a series of questions regarding customer interest in vehicles

with front crash prevention systems since the late September 2013 inaugural release of IIHS front crash prevention
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ratings. Subaru, Volvo, and Cadillac dealers were asked about interest in vehicles with systems rated superior
(Subaru’s EyeSight system, Volvo’s City Safety and Collision Warning with Full Auto Brake and Pedestrian
Detection systems, and Cadillac’s Forward Collision Alert and Automatic Collision Preparation systems), and Ford
dealers were asked about vehicles with a system that earned a basic rating (Collision Warning with Brake Support).
The full names of the systems were used in questions to dealers.

When asked if there was a change in the number of people who had contacted or visited their dealerships since late
September because they were interested in purchasing a vehicle with front crash prevention, between 25% and 47%
of dealers of the automakers with systems rated superior and 10% of Ford dealers reported an increase in interest
among consumers (see Table 3). Sixty percent of Subaru dealers, 49% of Volvo dealers, 31% of Cadillac dealers,
and 20% of Ford dealers reported that at least some customers interested in purchasing the vehicles with rated
systems since late September had mentioned that they had seen the system included in safety ratings (see Table 3).

Table 3.
Customer interest in Subaru, Volvo, and Cadillac vehicles with front crash prevention systems
rated superior and Ford models with front crash prevention systems rated basic, and mentions of
safety ratings and autobrake since release of IIHS front crash prevention ratings (percent).

Subaru Volvo Cadillac Ford
(N=275) (N=176) (N=275) (N=275)

Change in number of people who contacted More 47 25 33 10
or visited dealership because they are Same 50 69 58 82
considering purchasing a model with front Less 4 5 8 7
crash prevention system rated superior Don’t know/Refused 0 1 1 1
(Subaru, Volvo, Cadillac) or basic (Ford)

Any customer interested in purchasing vehicle  Yes 60 49 31 20
with system rated superior (Subaru, Volvo, = No 39 50 69 79
Cadillac) or basic (Ford) mentioned seeing Don’t know/Refused 1 1 0 1
system included in safety ratings

Any customer interested in vehicle with Yes 57 49 37 —
system rated superior mentioned system’s No 41 49 63 —
autonomous braking as reason for Don’t know/Refused 1 2 <1 _

considering system

Dealer representatives of Subaru, Volvo, and Cadillac, which offered front crash prevention systems with autobrake,
were asked if customers interested in purchasing the rated vehicles with front crash prevention systems had
mentioned the system’s autonomous braking as a reason they were interested in purchasing them. Between 37% and
57% of dealers of each automaker reported that since late September at least some customers had mentioned
autobrake as a reason for their interest (see Table 3). Among dealers reporting that customers mentioned autobrake,
58% of Subaru dealers, 51% of Volvo dealers, and 56% of Cadillac dealers said more customers than usual had
mentioned autobrake since the release.

Dealer representatives of Ford, which did not offer a front crash prevention system with autonomous braking, were
asked if customers interested in purchasing a Ford with front crash prevention had asked since late September if
Ford’s system brakes autonomously (not in table). About a quarter (23%) reported that at least some customers asked
about autobrake, and among these dealers, 32% said that more customers than usual had asked about autobrake.

Dealer representatives from Hyundai, which sold front crash prevention on a limited proportion of their vehicles,

were asked if any customers had questioned if Hyundai offered forward collision warning since late September.
Fourteen percent reported that customers had asked about forward collision warning.
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Sales figures were obtained for IIHS-rated vehicles with front crash prevention systems and for all vehicles sold by
surveyed dealers during the week before (September 15-21, 2013), during (September 22-28, 2013), and after
(September 29-October 5, 2013) the ratings release. The dealers were asked about sales of rated vehicles; Subaru
offered a system rated superior, Volvo offered vehicles with systems rated superior and advanced, Cadillac offered
vehicles with systems rated superior and basic, and Ford offered a system rated basic. The names of the packages
that included the systems were used if package names differed from system names. A total of 269 (98%) Subaru,
168 (95%) Volvo, 257 (93%) Cadillac, 271 (99%) Ford, and 271 (99%) Hyundai dealers reported sales figures for
all weeks for all vehicles and, if applicable, the rated vehicles. Sales reported by automakers with rated front crash
prevention systems were compared with Hyundai sales.

Total sales and sales of rated vehicles declined for all automakers from the week before the ratings release to the
week after (see Table 4). However, the combined sales of Subaru, Volvo, Cadillac, and Ford models with rated
systems declined 41% less than sales of Hyundai models, and the combined sales of all models from these
automakers declined 6% less than sales of Hyundai models. Sales of models with each rated system declined less

Table 4.
Sales of all Hyundai, Subaru, Volvo, Cadillac, and Ford models, and sales of Subaru, Volvo, Cadillac,
and Ford models with IIHS-rated front crash prevention systems the week before, during, and after
the release of IIHS front crash prevention ratings, among dealers reporting for all weeks.

Week before ~ Week of Week after ~ Percent change,
Sept 15-21, Sept 22-28, Sept 29-Oct 5, week before to

2013 2013 2013 week after
Hyundai All Hyundai models 5,604 4,633 3,900 -30
(N=271)
Subaru MY 2013-14 Legacy and Outback 579 458 463 -20
(N=269) with EyeSight (superior)
All Subaru models 4,670 4,194 3,669 21
Volvo MY 2013-14 S60 and XC60 with 155 106 110 -29
(N=168) Technology Package and City
Safety (superior)
MY 2013-14 S60 and XC60 with 696 619 598 -14
City Safety and without
Technology package (advanced)
All Volvo models 1,039 882 810 -22
Cadillac MY 2013-14 ATS and SRX with 525 457 439 -16
(N=257) Driver Assist and Driver
Awareness packages (superior)
MY 2013-14 ATS and SRX with 412 380 339 -18
Driver Awareness package and
without Driver Assist package
(basic)
All Cadillac models 1,323 1,116 968 -27
Ford MY 2013- 14 Edge, Explorer, Flex, 781 659 636 -19
(N=271) and Fusion models with Adaptive
Cruise Control and Collision
Warning package (basic)
All Ford models 6,228 4,576 4,005 -36
Total Subaru, Volvo, Cadillac, and Ford models 3,148 2,679 2,585 -18
with rated front crash prevention systems
All Subaru, Volvo, Cadillac, and Ford models 13,260 10,768 9,452 -29
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than sales of Hyundai models, and total sales for each automaker offering vehicles with rated systems except Ford
declined less than total Hyundai sales. There were no consistent differences among automakers in sales when
comparing vehicles rated superior, advanced, and basic.

Because a lack of in-stock vehicles with systems could inhibit sales, dealers were asked if they had vehicles in stock
with the rated systems at the time of the interview. More than 80% of dealers had vehicles with each optional system
in stock, and nearly all (97%) Volvo dealers reported having S60 or XC60 models with the standard City Safety
system in stock. It is unknown if dealers maintained the same stock levels in the weeks immediately surrounding the
ratings release; historical stock was not assessed.

Dealers were told at the end of the survey that ITHS released front crash prevention ratings in late September and, if
applicable, were informed how their systems were rated. Most Subaru (90%) and Volvo (85%) dealers, more than
half of Cadillac (58%) dealers, and about a third of Ford (31%) and Hyundai (32%) dealers were aware of the
ratings prior to the survey.

DISCUSSION

This study examined consumer interest in and sales reported by dealers of top- and poorly-rated vehicles in ITHS’s
small overlap crash test and of vehicles with and without front crash prevention systems rated by IIHS. A good
rating in the small overlap crash test was associated with increased sales of the Volvo S60 and Subaru Forester
models from the week before the ratings were released to the week after. These increases were larger than the rise in
sales of all Volvo and Subaru models during this time, while sales of the poorly-rated Jeep Patriot remained flat.
About half to three-quarters of Volvo and Subaru dealers also reported that customers mentioned seeing the vehicles
included in crash tests, and that more customers were interested in purchasing the top-rated vehicles and mentioned
the brand’s safety performance as a reason they were considering them. These findings are consistent with prior
research showing that consumers value safety when choosing vehicles [1-6] and demonstrate that this preference for
safety extends to sales of specific vehicle models whose safety had received recent media attention.

Changes in consumer behavior following the inaugural release of ITHS front crash prevention ratings are less clear.
Results indicated that some customers mentioned seeing systems included in safety ratings and some dealers
reported increases in customer interest. However, reports varied by automaker and positive effects on sales were not
as apparent as with the good ratings in the small overlap crash test. Sales declined for all vehicles examined from the
week before the front crash prevention rating release to the week after. Sales trends likely reflected in part industry-
wide factors, given that sales declined for all automakers surveyed, although it is unknown what such factors might
have been. Thus, it is promising that declines were smaller among models with rated front crash prevention systems
than among all vehicles and among Hyundai models, which sold few vehicles with front crash prevention at the time
and did not offer vehicles with rated systems.

Consumer response to front crash prevention ratings may have been less positive than consumer response to small
overlap crash test ratings because the public is less familiar with collision avoidance technologies than with crash
tests. IIHS and the National Highway Traffic Safety Administration have been conducting crash tests in the United
States since 1995 and the late 1970s, respectively. In comparison, front crash prevention is relatively new. A survey
of Canadians during 2011-12 [7] found that only 24% were aware of forward collision warning.

Some limitations should be noted. Response rates were higher among automakers with top-rated vehicles,
particularly among Volvo and Subaru dealers, than among other automakers. Volvo and Subaru dealers were also
much more likely than other dealers to have known how their vehicles rated in ITHS tests. Dealers’ enthusiasm to
participate may have influenced their responses to questions on perceived consumer interest, and because of this
limitation, it is encouraging that sales trends following small overlap crash test ratings corroborated subjective
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judgments. Safety-conscious consumers may be attracted to particular automakers, which could also affect how
potential customers of different automakers respond to safety ratings.

The Jeep Wrangler two-door model’s marginal rating in the small overlap test was announced along with the ratings
of the Subaru Forester and Jeep Patriot. Consumers’ opinions of Jeep may have been affected by news reports
regarding the performance of both the Patriot and Wrangler models. Finally, changes in vehicle sales were compared
only between two weeks. Sales fluctuate week-to-week, and it is unknown if changes in sales persisted.

CONCLUSIONS

The goals of [THS’s vehicle ratings programs are to inform the public about vehicle safety and to encourage
automakers to improve vehicle designs to enhance safety. Since IIHS introduced its ratings programs [8],
automakers continue to quickly modify vehicle designs to improve crashworthiness in response to safety ratings, and
this has led to safer vehicles. For instance, virtually all new vehicles are now rated good in ITHS’s moderate overlap
frontal crash test, and drivers of vehicles with good ratings in this test have a lower risk of dying in a head-on
collision than drivers of poorly rated vehicles [9].

Automakers also have improved the performance of their vehicles in the small overlap frontal crash test and added
front crash prevention systems since the new ratings were introduced. Among 2012 vehicle models that underwent
the small overlap test, 28% received the top two ratings of good or acceptable; among 2015 models, 64% had
received good or acceptable ratings as of February 2015. Only 20 2013 model year vehicles had front crash
prevention systems rated advanced or superior, compared with 63 2015 model year vehicles as of February 2015.
Both of these ratings systems are now incorporated into IIHS’s TOP SAFETY PICK and TOP SAFETY PICK+
awards. The current evidence demonstrates that improving vehicle designs to boost safety ratings benefits not only
consumers with safer vehicles but also automakers with increased sales.
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ABSTRACT

The Swedish test track AstaZero (Active Safety Test Area) is an open environment where vehicle OEMs, tier
one suppliers, research institutes, and universities can come to perform development and research. AstaZero is
located just outside the city of Boras in West Sweden and was inaugurated in August 2014. The initiative was
taken to create an environment for innovation, testing, and research to develop new active safety functions for
road vehicles. The four main environments of the facility are built especially for research and development of
active safety functions. A city area for simulation of urban traffic, a multilane road, a 5.7 km long rural road,
and an innovative high-speed area facilitate efficient testing. Equipment of different kinds is also at hand; test
targets, position measurement and control systems, communication equipment, and driving simulators can be
provided. However, the success of the AstaZero test bed is also depending on the existence of leading
competence. The Swedish automotive cluster has the ability to perform research, industrial development, and
rational production of road vehicles. It is essential for AstaZero to have access to strong competence in its
vicinity. The organizations residing in the Gothenburg region can be reached in an hour by car. The Stockholm
region is more distant but it is quite possible to travel by road in four hours. The success of AstaZero is built
on the track, the competence, and all the partners supporting the facility.

INTRODUCTION

Road safety has improved during the past years, but we are still far from the zero vision that no one should be killed
or seriously injured in road traffic. The European Union has set ambitious goals for road safety. According to the
2011-2020 policy the objective is that member countries must together have reduced the number of road accidents
by 50 per cent by the year 2020 [1]. Active safety, as well as test facilities where new techniques can be tested, will
play an important part in the contribution of making this vision reality.

Active safety functions are regarded as key components to further increase safety on our roads. Due to safety and
repeatability requirements, much of the development and research of these functions must be performed in a
controlled environment such as a test track. For novel active safety functions many tests cannot be made in real
traffic due to the risks of prototype malfunction. In terms of infrastructure, targets and their propulsion systems, as
well as measurement systems, what resources are needed to evaluate the performance of active safety functions?

The AstaZero (active safety test area) [2] located just outside the city of Bords in West Sweden was inaugurated in
August 2014. The initiative was taken to create an environment for innovation, testing and research to develop new
active safety functions for road vehicles. The active safety functions are under rapid development and there are
presently, and in contrast to passive safety, few generally accepted testing procedures in place. Performance testing
methods for active safety are necessary to improve the safety performance of new safety functions in road vehicles.
Suitable test procedures are key enablers. The tests must be repeatable and the results must be relevant to the safety
benefits in real traffic. There is still much development and standardisation to be done for test procedures.

AstaZero is an open environment where industry (vehicle OEMs and tier one suppliers) and academia
(institutes and universities) can come and perform development and research.
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TEST TRACK

The AstaZero has been designed with four main environments. (Figure 1) There is a city area for simulation of
urban traffic. Highway scenarios can be simulated at the multilane road. A 5.7 km long rural road is included for
monotonous driving with sudden obstacles. Dynamics and fast scenarios can be tested using the high-speed area
with acceleration stretches.

I

Figure 1. Overview of the AstaZero facility.

All paved surfaces are designed for 60 tons maximum vehicle weight and a 13 ton axel load. This will allow for
researching scenarios where trucks with heavy load take part. A maximum vehicle length of 25.25 meters is
planned. All internal roads have a width of 7 meters. They are designed for bi-directional traffic driving at the right-
hand side of the road. There will be special areas for calibration made out of concrete. The calibration areas are 3 by
15 meters with flatness better than 0.1 degrees in all directions.

The Rural Road

The rural road encircles the facility. It is approximately 5.7 km long. Half of it is designed for travelling at
maximum 70 km/h and to other half for maximum 90 km/h. The rural road is specially designed for different tests of
driver behavior and is well-suited for the use of hidden or suddenly appearing obstacles. In several places there are
scrubs or bushes growing near the road, which make it possible to conceal obstacles before they cross the road in
front of the test vehicles. There are also two T-junctions and a crossroad that will be treated as real junctions
changeable to suit customer requirements. The rural road will also have bus stops/lay-bys at two locations.

The road is not designed for advanced driving at high speed. It may be used for bi-directional traffic, but the normal
setup is one-way traffic driving on the right-hand side of the road. There are some hills at the road, but the maximum
incline is 4.5%. Initial feedback from users confirms that the rural road feels and looks like a conventional road and
that “it is easy to forget that you are on a proving ground”. Communication links via optical fibers are prepared
around the track, and it is ready to be populated with road-side units for ITS-applications.
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Figure 2. Emergency vehicle driver and platooning research on the rural road
The High-Speed Area

The high-speed area is located at the center of the AstaZero facility. It consists of a circular area with drop-shaped
entrances. The circle is 240 meters in diameter and has two acceleration roads. The main acceleration road is
approximately 1 kilometer long. This will provide sufficient distance also for accelerating heavy trucks. In addition
to the two acceleration roads, it is also possible to use the multilane road for acceleration. As a consequence,
vehicles can enter the high-speed area from three different directions.

In this area, focus will primarily be on vehicle dynamics like avoidance maneuvers at very high speeds, but also
“near misses” for active safety systems at high speeds. A large open asphalt area like the high-speed area is also
useful for cases when virtual reality is combined with driving a real car.

The high-speed area slopes 1% in the lateral direction, but is completely flat in the longitudinal direction, (flatness
1.0 acc. to IRI). Asphalt is provided according to the specification SN75-80. There is a turning loop for long
vehicles (25.25m) at the end of the acceleration road and halfway. It has a width of 7 meters. A calibration area is
provided at the first turning loop (for gyros).

A separate control tower is overlooking the area. The tower is two stories high for good visibility, and it provides a
platform on the roof for visitors. Remote control of targets, balloon cars and driving robots will be performed from
the control tower.

Figure 3. Virtual reality and trailer ESC tests on the high-speed area
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The City Area

The city area is located in the southern part of the facility and is connected to the rural road at two places. It consists
of 4 building blocks (40 x 25 x 4 m), but there are plans to supplement it with additional five blocks. The city area
will primarily be used to test the vehicle’s capacity to interact with the surrounding environment. Test scenarios will
include avoidance of collision with buses, cyclists, pedestrians or other road users. Streets have a 2.0% incline for
good drainage into sewage drains. There are acceleration roads, longer than 150 m, before the intersection. The main
street equipped with “portals” with traffic signs. The area therefore covers a number of different sub-areas, such as a
town center with varying street widths and lanes, bus stops, pavements, bike lanes, street lighting and building
backdrops. The city area also has a road system with different kinds of test environments such as roundabouts, T-
junction, return loop and lab area (100x30 m). One block contains the control room and warehouse for dummies.

Figure 4. Aerial and entrance view of the city area
The Multilane Road

The Multilane Road is 700 meters long and consists of four lanes. These are connected to the high-speed area, and
have an acceleration road that is approximately 300 meters long, 7 meters wide, and a turning loop for long vehicles.
Several different scenarios can be tested on the multilane road, such as lane changes and departures, different
collision scenarios, as well as crossing scenarios. For example, it will be possible to change the direction of travel in
different lanes, as well as to build a temporary central barrier and different types of traffic barrier railings. The road
has a 2 % lateral incline for good drainage, split between lane 1 and 2. There is a small intersection with the
possibility to create intersection scenarios.

Figure 5. Lane markings available on the multi-lane road
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EQUIPMENT

Equipment of different kinds is needed to successfully perform development and research at a test track.
Among these are: test targets to be used in different traffic scenarios, equipment for position measurement and
control, communication test equipment, data acquisition, and simulation capabilities.

Researchers and engineers visiting the AstaZero facility expect the tests to be repeatable with a high degree of
accuracy and efficiency. It is expected that the equipment will be reliable enough to provide a very high
availability of the test environment. There are clear requirements for productivity and through-put also at a test
track.

All equipment, including the test targets, has to be properly maintained and periodically calibrated. So far, no
international practice for calibration of test targets has been established.

Test Targets

The four main environments of the track are well suited to provide for many different traffic scenarios. But
many traffic scenarios will also require other vehicles to be present. Safety precautions will in many scenarios
require the use of test targets instead of real vehicles. Test targets are needed for cars, trucks, buses,
pedestrians, bicycles and powered two-wheelers.

Test targets representing cars have been developed for rear-end collision scenarios [3,4,5]. Such a target must
have a high fidelity of being perceived as a car both by the driver and by the sensor systems (radar, lidar,
and/or camera) of the vehicle under test. At the same time, it must be possible to crash into without safety
risks. The development of test targets for cars is towards correct representation of a car in all viewing angels,
not only from the rear. Existing “balloon cars” have a three-dimensional structure, but do not provide a true
360 degree impression of the car. “360-targets” are under development and expected to be needed in future
research and development.

Usually these car targets are towed or carried by a self-propelled flat platform such as the UFO [6] or LPRV
[7]. However, being overrun by a heavy truck with full braking is a challenge for the platform-based solutions.
It is also important to remember that the sensors on trucks could be placed in such a way that they “look down”
at other road users which affect the design of targets.

Position Measurement and Control

Testing of vehicles in traffic scenarios requires the possibility to measure and control the position with high
accuracy. The accuracy possible to reach varies depending on the type of scenario, especially the speed of the
vehicles involved, but £20 mm is a state-of-the-art accuracy often mentioned. AstaZero is equipped with an
RTK GPS base station which covers the entire test area. State-of-the-art GPS equipment is available as well as
driving robots for driverless testing [8].

With the advent of automatically driven vehicles there will be a need for more complex traffic scenarios
involving many road users. Here it will be necessary with interoperability between driving robots, target
platforms, and overall scenario control. Standardized open communication interfaces will thus be needed. The
trajectories of all targets and the test vehicle need to be synchronized, and the positioning of each actor needs
to be sufficiently accurate. This calls for cost-efficient positioning based on local anchors and/or intelligent
data fusion. In areas with poor GNSS reception, it might be necessary to augment the GNSS-based systems
with a ground-based one [9].

Controlling test vehicles at high speed implies both safety risks for test engineers on the test track and the risk
to severely damage expensive and unique prototype vehicles. All risks must be observed and the control
system must be designed to provide adequate functional safety, i.e. to reduce all risks associated with
malfunctioning of the control system to an acceptable level.
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Vehicle Communication Testing

Communication between vehicles ("V2V”) and communication between vehicles and the infrastructure
(“V217) will soon be offered in cars, trucks, and buses, The wireless communication facility will help to
exchange data for safety applications, autonomous driving, traffic management and other applications.
Communication facilities have to be offered by AstaZero.

The ETSI G5 standard defines a Basic Set of Application (BSA) for cooperative ITS. These applications are
associated to a different number of use cases. Application classes have also been defined showing the potential
of cooperative ITS for active safety as well as for efficiency and mobility. Among active road safety
applications, three main blocks are also being defined by ETSI which group different applications: Road
Hazard Signaling, Longitudinal Collision Risk Warning and Intersection Collision Risk Warning.

Communication nodes for application at AstaZero are under development. AstaZero has to be flexible and
adopt the communication units since the test track will be used by several suppliers and vehicle OEMs.

Test Data

During product development testing a lot of test data is generated, especially raw data from sensors. Large
amount of video data is not uncommon. In many cases the data collection is not centralized and integrated.
Instead data is collected in different devices and tiresome post processing is needed to aggregate and align test
data which in the worst case is out-of-sync. A secure and centralized data repository which collects test data in
almost real-time could significantly improve the efficiency of proving ground testing.

The test track is used by several research groups and many companies. All partners need to know that the data
collected from their test sessions is accessible only to them. Proper measures for IT security are deployed to
ensure confidentiality of the data. Also the integrity of data and the availability of recorded data can be
assured.

Analysis of the executed traffic scenarios will as good as always be performed off-line when the test is
completed. Test data from several data loggers is synchronized and stored. One issue to handle is when data
formats differ between the loggers used.

Simulating the Test Track

The use of the test track is considered as one of the tools to develop the automotive technology of the future.
Research and development may start by simulation at a computer and then continue by simulation in a driving
simulator. Vehicles will be driven at the test track and later in real traffic environments. Several tools will be
needed to provide efficient research and development.

AstaZero has developed a model of the track to be used in driving simulators. T he researchers and engineers
have the possibility to try the test scenarios in a simulator before driving at the real test track. (Figure 6.) This
will make it easier to plan the tests and run the most essential test cases on the track.

There is also a high-resolution three-dimensional model of the track which has been realized by on-site
scanning of the four main environments. This precision model may be used for further enhancements of the
driving simulations and planning of the test.
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Figure 6. Ambulance drivers have trained at AstaZero both by driving on the track and in a desktop
simulator

COMPETENCE AND RESEARCH
A Competence Cluster

A successful environment for automotive research and development certainly requires tools and equipment. In
addition, the competence and the knowledge of the domain will be equally important. The Swedish automotive
cluster has the ability to perform research, industrial development and rational production of road vehicles.
The two major truck manufacturers Scania and Volvo Truck are together with the car manufacturer Volvo Cars
the best known vehicle companies. There are also suppliers of world-leading reputation such as Autoliv.
Research institutes offer possibilities for applied research together with all these industries, but also attract
technology from small and medium sized enterprises (SMES) in the automotive cluster. Several universities
educate engineers for the automotive industry and provide automotive research together with European and
international partners.

It is essential for AstaZero to have access to strong competence in its vicinity. The organizations residing in
the Gothenburg region can be reached in an hour by car. The Stockholm region is more distant but it is quite
possible to travel by road in four hours.

SAFER Vehicle and Traffic Safety Centre at Chalmers is a joint research unit where 30 partners from the
Swedish automotive industry, academia, and authorities cooperate to make a center of excellence within the
field of vehicle and traffic safety. The cooperation with authorities and local government is also essential for
the development of AstaZero as a complete environment for automotive development and research.

The success of AstaZero is built on the track, the competence, and all the partners supporting the facility.

Research to Develop Testing

Test and development of novel technology requires state-of-the-art test methods and equipment. AstaZero is
cooperating with research institutes, universities, and industry to develop both equipment and ways of
working.

Future road transport will be different from what we are used to today. The global urbanization and the aging
population are two of the main factors driving the change. Perhaps the most important factor is to mitigate the
consequences of the climate change. Reduction of the emission of greenhouse gases will require a change in
the way we use the roads.

AstaZero must also be prepared to work with new types of road vehicles. Electric powertrains and
hybridization has influenced the types of vehicles we find on our roads. Electrification and smart charging of
electric vehicles will require facilities for test and demonstration.

Automatic and autonomous driving will require a lot of development effort. All autonomous functions will
have to be carefully tested; at first in a controlled environment such as AstaZero and later in real traffic.
Research to facilitate testing with optimized coverage of the shifting factors of the traffic environment is
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important. It is also important to understand how much of the previously performed verification and validation
that has to be repeated when a design is modified.

Sweden has a long tradition of supporting national research in vehicle technology and transport. The largest
Swedish program for automotive research is called FFI - Strategic Vehicle Research and Innovation. This is a
partnership between the Swedish government and automotive industry for joint funding of research, innovation
and development concentrating on Climate & Environment and Safety. FFI has R&D activities worth approx.
€100 million per year, of which half is governmental funding. The background to the investment is that
development within road transportation and Swedish automotive industry has big impact for growth. FFI will
contribute to three main goals: reducing the environmental impact of transport, reducing the number killed and
injured in traffic, and strengthening international competitiveness.

Standardization

The automotive industry is depending on standardization. Standardization will reduce costs by making it
possible to re-use solutions from one vehicle to another vehicle. Standardized features will enable drivers to
easily drive vehicles of different type and manufacture. It will also make it possible for road vehicles to
interact and use the same roads.

Passive safety testing has been developing up to a point where results are comparable between different test
sites and different vehicles. Crash test dummies have been developed and test procedures to represent the
important crash types have been agreed. Testing of active safety and road automation is far from this goal.

AstaZero is participating in the standardization work of ISO (the International Standardisation Organisation) as
convener of the working group I1SO/TC 22/WG 16 for Active Safety Test Equipment. Active safety and the
related standardization subjects is of interest from both an ITS and a vehicle perspective. Both perspectives
have to be considered when allocating the various aspects and work items. A first step in the standardization is
expected two-dimensional vehicle targets and pedestrian targets. That may be followed by targets representing
bicycles and other vehicles in a more three-dimensional way.

CONCLUSIONS

The AstaZero facility has been designed and constructed according to plan. Operation started in the summer of
2014. New users of the proving ground are coming to join the competence cluster. There are already partners
using AstaZero on a regular basis; vehicle manufacturers, suppliers and researchers come to AstaZero.

Equipment has been gathered and is still developing through several projects by industrial users and
researchers. Also the competence network of AstaZero is under rapid development. Seminars have been held
with researchers and two special “AstaZero Researchers Day” have been organized to make the research
community in Sweden and internationally aware of the possibilities offered.
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ABSTRACT

The objective of the present work is to assess the risk of spreading of fire between Lithium-ion battery cells
initiated by a thermal runaway. In particular it aims at developing means to predict the temperature of cells in
the vicinity of an overheated cell during the first 5-7 minutes after the thermal event in a Li-ion cell that has an
organic based electrolyte which is flammable. Finite-Element (FE) modelling is used to compute the heat
transfer between cells. The spreading model is assessed modeling a scenario where the cells are exposed to a
15 kW propane burner. Two different models where utilized, one that considers the conjugate heat transfer
between the surrounding hot gases and the battery cells while the second is a thermal model where the
boundary conditions are measured in a mock-up test. The results from the two models are contrasted to
experimental data where the heat release rate (HRR) is utilized as an input to the simulation. It is found that
the temperature increase in a neighboring cell can be quantitatively estimated in certain cases during the early
stages of the fire taking into account the anisotropic thermal conductivity of the cells using the conjugate heat
transfer model. Moreover, the thermal model captures the qualitative behavior of the test results, however, the
temperature increase is slower in the computational model.
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INTRODUCTION

Lithium-ion (Li-ion) batteries offer great performance in form of e.g. energy and power densities, enabling their use
for a wide range of applications including the use in electrified vehicles, an application that is steadily growing. If
the temperature in a Li-ion cell is increased beyond a certain threshold, a thermal runaway can occur, resulting in a
rapid temperature increase and possibly other adverse effects such as, release of gas, smoke, fire and
rupture/explosion. There are numerous types of abuse situations that can result in elevated temperatures inducing a
thermal runaway. For example, mechanical abuse, electrical abuse and thermal abuse [1-11]. In case of a thermal
runaway in a single Li-ion cell it is important to stop or at least delay its spreading to adjacent cells, since the effects
from a cascading thermal runaway scenario of a complete battery pack could be devastating. Battery packs in
electrified vehicles can consist of thousands of battery cells. In general, the design of a battery pack plays an
important role for fire propagation, e.g. the thermal management system, mechanical support structures cell-to-cell
respective module-to-module, use of fire walls and division of the battery pack into different sub-packs are
important aspects.

There are relatively many simulation studies regarding general heat generation and cooling of Li-ion batteries during
normal cycling (battery charge/discharge) within the battery specifications. Furthermore, Li-ion cells and battery
packs with multiple-cells have been simulated during abusive conditions; by external heating in oven, short
circuiting, overchargeing and deformation/crash. For example, Spotnitz et. al. [12] performed a numerical study on
the influence of various heat transfer modes for the propagation cell-to-cell for a battery pack with 8 cylindrical cells
of type 18650.



However, only a limited number of simulations studies of lithium-ion battery fire abuse situations are available. For
example, Anderson et. al. [7] used CFD simulations with subsequent thermal modeling to study the fire resistance of
a battery pack in a gasoline pool fire test according to UNECE Regulation No. 100.

A heat propagation simulation of cell-to-cell fire propagation for 5 Li-ion cells has recently been performed by
Anderson et. Al [8]. That utilized recent experiments performed at SP on five EiG Li-ion 7 Ah cells where a thermal
runaway was initiated in a cell using a propane burner. The resulting temperatures were monitored by thermocouples
and the experiments are well suited for modelling purposes. However the predicted temperatues were found to be
lower than the measured counterparts partly due to the models inability to represent the boundary in the fire test.

The present work continues this work by utilizing additional measurements of the fire load on the batteries. The aim
of this work is to develop a model suitable for predicting the propagation of thermal runaways in stacked Li-ion
cells. The modelling was done using the COMSOL Multiphysics software package that can model conjugate heat
transfer. The software is a Finite-Element (FE) tool and in order to successfully model the experimental set-up
appropriate boundary conditions are needed for reliable results. The long term goal is to be able to study protective
measures mitigating the propagation of a thermal runaway event. In this paper we will extend previous work done in
Anderson et al. [8] where we make use of fire abuse tests of commercial Li-ion cells where detailed measurements
of the temperatures between the cells as a result of the thermal runaway response of the cells were performed. These
tests may be utilized to fine tune a numerical model of the phenomena.

RESULTS FROM THE FIRE TESTS

Commercial Li-ion (EiG ePLB-FOO7A 7 Ah) pouch cells were exposed to a I5kW propane burner that initiated a
thermal runaway event in the cell closest to the burner. During the tests heat release rates and temperatures,
measured by thermocouples between the cells, were measured. The resulting HRRs have been published as well as
one preliminary study on modeling one of the tests [6,8]. The tested EiG cell had a lithium-iron phosphate, LiFePOy,,
cathode and a carbon based anode. Each of the tests consisted of five cells tightly packed together with steel wires,
see Figure 1 (left). Also in Figure 1 (right), the mock-up used in to determine the impact from the burner can be seen
and is described in detail below.

Figure 1. Fire test on EiG 7 Ah LFP pouch cells (left) and measurement of the impact on a mock-up (right).



The cell terminals (tabs) were cut-off prior to the tests for all but the middle cell. In the tests the thermal runaway
was initiated by a LPG burner of approximately 15 kW placed underneath the packed cells, see Figure 1. Several
tests with varying state of charge was done yielding cases with varying reactivity. The HRRs are presented in Figure
2, however in this paper we will focus on modeling the case with 75% state of charge (SOC) indicated by a dashed
line, previously the case with 100% SOC was used.
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Figure 2. The heat release rate of the EiG 7 Ah LFP pouch cells where the heat from the burner is subtracted.

Additional quantities of interest was measured in each test such as cell voltage of the mid cell however this is out of
the scope of the present work. We noted that the measured voltage breakdowns occurred earlier for increasing SOC
values, in accordance with faster thermal response for increasing SOC shown by temperature and HRR

measurements. During the test temperatures between some of the cells were carefully monitored in four positions,
see Figure 3.
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Figure 3. The placement of thermocouples in the live fire test.

In the previous paper by Anderson et al [8] it was identified that a well defined fire source is needed in order to more
accurately describe the evolution of the temperatures between the cells. For modeling purposes one test with a
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mock-up was performed where the impact of the burned was assessed. To achieve this the mock-up shown in Figure
1 was constructed of promatect clad with custom made plate thermometers. Although the moisture level in
promatect is very low it was dried for around 48 h further reducing the moisture content. The plate thermometers
were approximately 40 mm x 100 mm in size to fit on the side of the mock-up. The objective of the mock-up test is
to estimate the fire source’s impact on each side of the mock-up by measuring the adiabatic surface temperature
(AST). The AST is an artificial effective temperature that replaces the gas and radiation temperature that describe
the local conditions around the test object. It is defined as the temperature of a surface that cannot absorb any heat.
However, due to the limitations of the physical extensions of the object the size of the plate thermometers were
smaller than usual indicating that they may experience somewhat different convection radiation equlibrium since the
estimation of the AST becomes more sensitive with smaller devices.

THE SET-UP OF NUMERICAL SIMULATIONS

The modeling was performed in two stages; the first stage covered the fluid-structure interaction in a conjugate heat
transfer model; the second stage was a thermal model where the boundary conditions were taken from
measurements. Common in both models was to use the measured HRR produced in the thermal runaway event. The
models were built in the multi-physics software COMSOL suitable for studying heat transfer problems. In the
models the five battery cells have been implemented where bulk values of the density, specific heat and thermal
conductivity are specified. Below we present the particulars of the models.

The conjugate heat transfer model

The software solves the heat transport taking into account heat conduction and radiation as well as solving for the
Navier-Stokes equations to assess the convection around the cells coming from the fluid movement of air around the
cells. The software is a Finite-Element (FE) code and the Reynolds number is assumed to be small, such that
turbulent fluctuations can be neglected. The model consists of around 10000 elements in order to have sufficient
convergence and accuracy. The solution time of the model is about 10 minutes on an ordinary personal computer. A
simplified 2D geometrical model was constructed for this work. In the model, the battery cells are in the same
ambient conditions (TO) as the surroundings of that particular test and the cells are assumed to always be in perfect
contact to each other. The ambient conditions give the boundary conditions for the thermal exchange between the
cells and the surroundings by conduction, convection and radiation. The 15 kW heat of the propane burner was
assumed as a boundary heat source placed directly beneath the first battery cell. The measured heat release rate was
used as input in the model for the thermal energy which was deposited homogenously into the bottom cell. The heat
generated by the propane burner was taken into account, however, the extra buoyancy of the exhaust gases from the
burner was omitted since numerical instabilities occurred.

The thermal model

Similarly to the conjugate heat transfer model the thermal model was built in COMSOL. The test specimen was
modelled in 3D with half the amount of cells compared to the other model. The thermal model is considerably faster
with runtimes of a few minutes. The boundary conditions were estimated by assuming a heat flow in to the specimen
determined by the AST (T,s7) in the following manner,

51" = h(Tysr — T).

Here the heat flow is determined per unit of time and area where h is the heat transfer coefficient. The heat transfer
coefficient is taken from Eurocode standard [13] to be h = 25 W/(m2 K). No assumption was necessary for the
propane burner since this is included in the AST. Otherwise the model had a similar set-up as the conjugate heat
transfer model.

Bulk material data
The physical structure of the pouch cells is complex with a repeatable layering of anode and cathode material. The

total numbers of layers is of the order of 150 layers. The thermal properties of the materials vary significantly in
terms of thermal conductivity, density and specific heat along and across the cell due to the layered structure. To be
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able to accurately compute the temperatures in the 5-cell-pack realistic values of the thermal properties are needed in
combination with a well-defined fire source in terms of the measured heat release rate. This complex structure of the
cell makes detailed modeling impractical however for our purposes bulk values of the thermal properties are enough
to capture the essential propagative features. In the present study these values are estimated from literature values by
Spotnitz and Franklin, Fan et al., Wu et al and Chacko et al, [12], [14] —[16]. Ideally, careful measurements of these
quantities at elevated temperatures are needed but generally difficult to obtain. The heat conductivity coefficient, k,
was varied in the simulations since the multi-layered structure of the battery cell allows for this value to be highly
anisotropic. Table 1 shows the thermal material properties of the cells used in the thermal simulations.

Table 1. Values of the thermal properties of the cell used for the simulations.

Notation used in this Density p Specific heat C, Thermal conductivity k
paper [kg/m’] [J/(kg K)] [W/(m K)]
Anisotropic k=13 1895 700 k,=13and k, =04
Anisotropic k=27 1895 700 k=27 and k, = 0.8

RESULTS FROM THE NUMERICAL SIMULATIONS

In this section we will present the numerical results found using the developed models. We have chosen the test with
75% SOC as a representative case in the test series for corroborating the simulations. In this test four time series
with temperature data, T1-T4, were recorded. In Figure 4, the results by comparing the experimental data with the
simulations using isotropic (a) and anisotropic (b) thermal conductivity are presented using the conjugate heat
transfer model. It is found that T1 and T2 of the middle cell can be modeled as described previously [8], but the
temperatures are lower than the experimentally measured values. However, T3 at the top of the initiating (bottom)
cell that undergoes thermal runaway deviates quite early.
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Figure 4. Comparison between test results and simulated temperatures at 75% SOC using the conjugate heat
transfer model. A comparison of temperatures T1, T2, T3 and T4 found in the experiment and the simulation
assuming anisotropic heat conductivity k=27 (kx =27 W/(m K) and kz = 0.8 W/(m K)).

In Figure 5, the same test is modelled using the thermal model with the AST used as boundary conditions however
the same HRR is used. We find also in this case that the model yield lower temperatures compared to the

experimental values. Interestingly, a higher value of the heat conductivity would yield lower temperatures through
the whole test specimen.
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Figure 5. Comparison between test results and simulated temperatures at 75% SOC using the thermal model.
A comparison of temperatures T1, T2, T3 and T4 found in the experiment and the simulation assuming

anisotropic heat conductivity k=13 (kx =13 W/(m K) and kz = 0.4 W/(m K)).

However, the qualitative behavior is considerably better in the thermal model and it is very likely that using values
corresponding to a lower thermal inertia would give a much better correspondence with the experimental results. In
particular, the value for the specific heat and density may decrease considerably as the reactions progress. We note
that in the experiment the measured temperature closest to the top is elevated, T4 is close to T2, indicating a
significant amount of heat coming in from the top surface.

DISCUSSION

This paper presents an attempt to predict the progress of a thermal runaway/fire in a cell to neighboring cell by
simulating the temperature development on neighboring cells in the same lines as in our previous work, Anderson et
al. [8]. Simulations and experiments have been conducted for varying SOC, this paper focuses on the case with 75%
SOC as an example of results.

Modeling battery cells in such harsh conditions as that of a fire is a rather difficult task due to the lack of knowledge
of the precise local conditions around the test object. This gives an uncertainty in the boundary conditions to be
used. Another difficulty is the lack of knowledge of the material data. In order to have a reliable model the precise
temperature dependency of the heat conductivity, specific heat and density are needed.

Using the conjugate heat transfer model we find that the model captures the first minutes of the test however as
the runaway event progresses large deviations are found, this is partly due to that the thermal exposure in that
case is only assumed to be underneath the cells and not around the entire object. In the thermal model a good
qualitative match between the test and model is found however the thermal inertia in the model seems to be
larger compared to the actual cell case. The thermal model uses the measured AST values as input however it
is uncertain how representative this measurement is as in the real case the boundaries are not smooth/edges are
sharp creating a complex convective heat transfer. Furthermore, radiative losses at the top surface are likely
since the flames are rather thin resulting in a different boundary.

The simulations are in reasonable agreement with the experimental result up to the point where the thermal runaway
is initiated but still the simulations under-predict the temperature in the neighboring cell somewhat in all cases.

However the model can be further developed by:



1. A two stage simulation using the methodology in Anderson et al [7] is likely to be a more proper
representation of the turbulent driven convective heat transfer process.

2. Investigate in more detail different boundary conditions. Since the dimensions of the battery pack is rather
small the influence of the boundary is important and can be a source for uncertainties. Both geometry at the
edges and different forced convection boundaries should be investigated.

3. Simulating different contacts between the cells using a thin contact element with variable thermal
resistance should be investigated.

4.  More adequate values of the thermal properties data including temperature variation.

With these improvements there is great potential for the simulations to be able to better predict the temperature
development in a neighboring cell. A conservative model of the propagation is desirable to be on the safe side in the
predictions.

ACKNOWLEDGMENTS

The Swedish Energy Agency is greatly acknowledgment for its financial support. Several technical staff colleagues
at the Fire technology have contributed to this work.

REFERENCES

[1] Roth EP, Doughty DH. Thermal abuse performance of high-power 18650 Li-ion cells. J] Power
Sources 2004; 128:308-318.

[2] Roth EP. Abuse response of 18650 Li-ion cells with different cathodes using EC:EMC/LiPFg4 and
EC:PC:DMC/LiPFq electrolytes. ECS Transactions. 2008; 11(19):19-41.

[3] Jeevarajan J. Safety of commercial lithium-ion cells and batteries In: Gianfranco Pistoia (ed)
Lithium-Ion Batteries Advances and Applications. Elsevier. Amsterdam. The Netherlands. 2014, p.
387-407.

[4] Zhang Z, Ramadass P, Fang W. Safety of lithium-ion batteries In: Gianfranco Pistoia (ed) Lithium-
Ion Batteries Advances and Applications, Elsevier, Amsterdam, The Netherlands, 2014, p. 409-435.

[5] Doughty D, Roth EP. The Electrochem. Soc. Interface, summer 2012. 2012; 37-44.

[6] Andersson P, Blomqvist P, Lorén A, Larsson F. Investigation of fire emissions from Li-ion
batteries. SP Report 2013:15, SP Technical Research Institute of Sweden, Boras; 2013.

[7] Anderson J, Sjostrom J, Andersson P, Amon F, Albrektsson J. Experimental and numerical
characterization of an electrically propelled vehicles battery casing including battery module. Journal
of Thermal Science and Engineering Applications. 2014 Dec; 6: 041015-1 - 041015-7.

[8] Anderson J, Larsson F, Andersson P, Mellander BE. Fire spread due to thermal runaway in a
lithium-ion battery cell. Conference proceedings of Fires in vehicles (FIVE) 2014, Andersson P,
Sundstrom B, eds. SP Technical Research Institute of Sweden, Boras, Sweden; 2014: 268-271.

[9] Larsson F, Mellander BE. Abuse by external heating, overcharge and short circuiting of
commercial lithium-ion battery cells. Journal of the Electrochem. Soc, 2014: 161 (10); A1611-A1617.

[10] Larsson F, Andersson P, Mellander BE. Battery Aspects on Fires in Electrified Vehicles.

Conference proceedings of Fires in vehicles (FIVE) 2014, Andersson P, Sundstréom B, eds. SP
Technical Research Institute of Sweden, Boras, Sweden; 2014: 209-220.

7



[11] Larsson F, Andersson P, Mellander BE. Are electric vehicles safer than combustion engine
vehicles? In: Sandén B, Wallgren P, eds. Systems perspectives on Electromobility. Chalmers University
of Technology. Goteborg. ISBN 978-91-980973-9-9; 2014:33-44.

[12] Spotnitz R, Franklin J. Abuse behavior of high-power, lithium-ion cells. Journal of Power Sources.
2003; 113:81-100.

[13] Eurocode EN 1991-1-2.

[14] Wu W, Xiao X, Huang X. The effect of battery design parameters on heat generation and
utilization in a Li-ion cell. Electrochimica Acta 2012; 83:227-240.

[15] Chacko S, Chung YM. Thermal modelling of Li-ion polymer battery for electric vehicle drive
cycles. 2012; 213:296-303.

[16] Fan L, Khodadadi JM, Pesaran AA. A parametric study on thermal management of an air-cooled
lithium-ion battery module for plug-in hybrid electric vehicles. J Power Sources. 2013; 238:301-312.



Detection of Fires in Heavy Duty (HD) Vehicles

Jonas Brandt

Ola Willstrand

Rail Ochoterena

Alen Rakovic

Michael Forsth

SP Technical Research Institute of Sweden
Sweden

Paper Number 15-0074
ABSTRACT

Detection of fires in the engine compartments, toilet compartments, baggage bays and sleeping cabins of
Heavy Duty (HD) vehicles is arduous. The elevated air flows, concentration of pollutants and wide range of
surface temperatures in the engine compartment together with the complicated geometries of the latter
spaces complicate the operation of all types of detectors. These lead to difficulties defining the optimal type
of detection technologies to be used as well as the adequate location of each detector.

This paper presents research for understanding the challenges and necessary characteristics of detection
systems in compartments with high air flows, large temperature variations and complicated geometries. In
particular, this work reports about literature surveys of existing standards, legislations and research in the
field as well as experimental findings.

INTRODUCTION

Fires in the engine compartments of surface and underground non-rail heavy duty (HD) vehicles are
unfortunately still common around the world [1]. For instance, fires in the media drift and distribution level
sections of Swedish non-coal mines and German potash and rock salt mining are predominantly caused by
service vehicles, drilling rigs and loaders [2—4]. Furthermore, statistical data indicates that nearly one
percent of the buses registered in northern Europe will suffer an incident related to fire during a one year
period [5]. Although this quantity is alarmingly high, it does not necessarily denote that all these fires lead
to fatalities or total property loss. However, statistical data do indicate that almost two thirds of the
reported fires commenced in the engine compartment and that these fires were, in most cases, not promptly
detected by the drivers. Late detection causes that nearly one in five of the aforementioned fires spread
outside the firewall of the engine compartment putting in risk the security of its occupants [6, 7].

Engine compartments of heavy duty vehicles are, in general, spaces where detecting fires with inexpensive
and simple detection systems is arduous. High air flows and large amounts of suspended pollutants in the
compartment, together with the complicated geometry and the wide range of surface temperatures typically
occurring during the normal operation of the vehicle, complicate the operation of all types of detectors. The
deposition of pollutants on the components of optical detectors can impair their operation as well as
obstruct the channels of aspirating systems, thus hindering their operation or shortening their service
interval. In addition, thermal point detectors can have an extremely limited effectiveness under high air
flow conditions unless these are located in the vicinity of an eventual fire where these can be effectively
heated by the ensuing smoke and fire plumes [8].

UNECE Regulation No. 107 regulation stipulates that engine compartments of buses and coaches with rear
mounted engines must be equipped with a fire detection system and that coaches should have fire detectors
in the toilet compartments and sleeping cabins, but the regulation is unfortunately not specific about the
performance and effectiveness of the employed detection system. This inaccurateness allows the
employment of detection systems which would be incapable of detecting fires under high air flow
conditions, providing a vague improvement regarding fire protection [9].

Although the engine compartment is the most common place of origin of fires in these types of vehicles,
toilet compartments, baggage bays and sleeping cabins are not excepted of this problem. Although
detecting fires in these compartments is not as difficult as detecting fires in engine compartments, the
differences in geometries among vehicle fleets may lead to difficulties defining an optimal detection



technology and location of a detector to be installed in these compartments. Even though the mandatory
implementation of detection systems is a fact, the effectiveness of the detectors will be highly suspected to
their correct selection and placement.

Research for understanding the challenges and necessary characteristics of detection systems in
compartments with high air flows, large temperature variations and complicated geometries is necessary.
SP Fire Research conducts active research in the field of detection of fires in HD vehicles where different
detection technologies and strategies are evaluated and compared. This paper reports experimental findings,
a literature study about the existing standards and legislations in the field, and a study of bus fires in
Sweden.

BUS FIRE STATISTICS FROM SWEDEN

Data was collected from the Swedish Civil Contingencies Agency’s (MSB) database on fires occurring in
Sweden, which is based on incident reports from the emergency services. The study was confined to reports
from 2005-2013, due to that before 2005 bus fires had no separate category in the incident reports. The
study includes a total of 1255 records spread over this nine-year period. The data material was processed in
a repetitive process in order to obtain relevant information. Loss of the records was 26 %, partly due to the
study’s limitation to commercial traffic as well as number of incidents being registered incorrectly in the
bus category.

The average number of incidents per year related to fire between 2005 and 2013 was 104, which
corresponds to 0.73 % of the buses in the commercial traffic. The highest number of incidents was recorded
in 2006 with 130 cases; and fewest in 2012 with 88 cases and in 2013 with 81 cases. However, studying the
whole period it is difficult to make a definitive conclusion on a decreasing trend regarding fire-related bus
incidents.

In 61 % of the cases the incident originated in the engine compartment and in 20 % of the cases the incident
originated in the wheel well. In 14 % of the cases the data was too flawed to obtain the information

regarding origin area; in the remaining 5 % the incident originated inside the bus or in other area, see Fig.
1.
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Figurel. Origin area of incident 2005-2013.

Flashover occurred in 7 % of all the registered incidents. The highest number of cases was registered in
2009 with 13 cases and in 2012 with 10 cases. There is no indication that the number of flashover fires is
decreasing.



Fire and Rescue Service (FRS) carried out fire-fighting action in 55 % of the call outs between 2005 and
2013. In 73 % of these cases the FRS had to perform extinguishing action and in 27 % of the cases FRS
conducted only cooling of the affected area.

The study shows that the bus drivers and staff have a very significant role in the initial stage of the fire-
related incidents. Bus drivers extinguished the fire in 26 % of the cases prior to FRS arrival to the accident
site.

STANDARDS AND LEGISLATIONS

To our knowledge, there are no approval standards or test methods in use for fire detection in HD vehicles.
There are some standards that point out minor requirements or risk assessment methods, but no approval
test methods. E.g. the Australian Standard AS 5062 is a comprehensive standard regarding fire protection in
vehicles, focused on risk analysis, and the Swedish Fire Protection Association publishes two guidelines,
SBF 127 and SBF 128, which include minor requirements on fire detection in HD vehicles. Also a new
standard from Israel for fire suppression systems in buses, [.S. 6278, includes a few tests for detection
systems. Regarding environmental tests requirements, such as resistance to vibration, ambient temperature
variations, and corrosion, EN 14604 and UL 217 set out requirements for recreational vehicles. Also the
NATO standard STANAG 4317 have some relevant environmental requirements for main battle tanks.

For general use, the main standards for fire alarm systems in Europe and in the US are EN 54, ISO 7240,
NFPA 72, FM (3210, 3230, 3232, 3260), and UL (268, 521). All of these, except NFPA 72, include
approval test programs for different types of detectors. However, these should not be used for approval of
detectors for use in e.g. the engine compartment of vehicles. There are several important parameters that
are not adapted for vehicle application in these standards, such as ambient temperature, vibrations, high
airflow, fire sources, and false stimuli/background level.

The European automotive legislation has very vague requirements on fire detection. For buses and coaches,
UNECE Regulation No. 107 sets out some minor requirements, but the regulation is not specific of the
performance or installation of the system.

The following two sections present fire detection tests conducted in the toilet compartment and in the
engine compartment of buses. This and future work will be the basis for new improved standards of fire
detection in HD vehicles.

FIRE DETECTION IN BUS TOILET COMPARTMENTS

For the toilet compartment tests [10] a mockup was built, see Fig. 2, based on input from 26 different buses
from a variety of suppliers. The most important influencing parameter was the ventilation condition, which
may differ between buses. However, most buses have a fan positioned in a concealed space under the sink
that extracts air from the compartment. The air enters the concealed space via air vents and in some cases
also via the trash can opening (the largest hole to the left in Fig. 2). Gaps around the toilet door works as air
inlet to the compartment and in the mockup these gaps are summed up in a larger gap at the upper right
corner of the toilet door. Some real toilet compartments also have a feed from the air conditioning system.



Figure2. Mockup of bus toilet compartment.

Five different fire detection systems were tested in different positions. The detectors included linear heat
detection, point heat detection, point smoke detection, and aspirating smoke detection. Seven fire tests were
conducted in accordance with Tablel. The heptane pool is not a realistic fire source in the toilet
compartment, but was used because of good repeatability compared to the other fire sources. The rubber
and plastics were placed in the concealed space of the fan representing a pump, cables and other electronics
normally contained there.

Tablel. Test scenarios.

Test Fire source Fire position Ventilation condition
1 Cigarette Seat level Low fan speed
2 Paper Trash can Low fan speed
3 Paper Trash can High fan speed
4 Heptane pool Floor level Low fan speed
5 Heptane pool Floor level High fan speed
6 Plastics/rubber Above fan Low fan speed
7 Plastics/rubber Above fan High fan speed

The main conclusions from the tests were:

Smoke detectors are generally much faster than heat detectors. Heat detectors should only be used in
narrow spaces where the detector is close to a potential fire source, e.g. above the trash can.

The impact of the ventilation fan was very large. In several fire scenarios a detector in the ceiling of the
toilet compartment would not give a fire alarm in the early stage of a fire. Fig. 3 shows the trash can paper
fire, and no smoke entered the toilet compartment in this test.

Because of the impact of the fan, it is recommended to have fire detectors also in the concealed space of the
fan, why aspirating systems may be considered due to their capability to sample air from several spaces.
Another advantage of aspirating systems is that the detector is hidden and protected.

Aspirating smoke detectors were not affected as much as point smoke detectors by high air flows.

It was only the most sensitive aspirating smoke detector that was activated by cigarette smoke.



Figure3. Trash can paper fire.

FIRE DETECTION IN ENGINE COMPARTMENTS

As part of an evaluation of fire detection systems for HD vehicles testing has been performed in the engine
compartment of a city bus (See Fig. 4). Several systems were tested and compared regarding detection time,
including heat, smoke and flame detectors.

Heat detection is the most used fire detection method in engine compartments of HD vehicles today. Flame
detection is used to some extent, while smoke detection has until now not been much used in engine
compartments of HD vehicles. Three widely used linear heat detectors were tested, two with fixed
activation temperature of 170°C and 180°C respectively and one responding on the average temperature of
the detector, with 139°C as activation temperature if the full length of the detector is heated. Also one
IR/IR flame detection system and one aspirating optical smoke detection system were tested. The detection
systems were installed in the engine compartment of the bus as it could have been installed in a real case
with the aim of covering the entire engine compartment. Three fire scenarios were designed to simulate
realistic fires and consisted of both slow developing electrically generated fires as well as a fast developing
fuel leakage fire. Fig. 5 shows a fast propagating fuel spray fire. In all cases the air flow through the engine
compartment was representing a stationary bus on idle speed. The rear hatch of the engine compartment
was replaced with a glass window for increased visibility into the engine compartment as seen in the
figures.




Figure5. Fast developing fuel spray fire

The detection ability varied between the systems and between the fire scenarios. While the flame detector
gave extremely fast response on the quickly developing fuel spray fire, it did not respond at all to the small
and slow propagating electrically generated fires. The flame detector used in the test was designed to
automatically adjust its detection alarm level to avoid false alarms, i.e. the detector does not respond if the
radiation level increases too slowly. The results from the linear heat detectors shows that the tested systems
has to be close to an open flame in order to activate, which may considerably delay the alarm time for small
fires far away from the detection system. Moreover, the air flow from the engine compartment fan had a
great impact on the heat transport by removing the heat from the fire area. It underlines the importance of
covering the entire fire hazard area with the detectors and taking into account the heat transport direction.
The tests did not show any significant differences in detection times between the different fixed
temperature heat detectors. The results from the aspirating smoke detection system showed that the tested
system was able to detect the fire at an early stage, i.e. already at small amounts of smoke. The test results
show the importance of appropriate fire detection system design in order to avoid unwanted consequences
in case of engine compartment fires.

OUTLOOK

The work presented in this paper is part of the project “Fire detection & fire alarm systems in heavy duty
vehicles — research and development of international standard and guidelines”. The aim of the project is to
develop an international test method for fire detection systems in the engine compartment of buses and
other heavy duty vehicles. Most work packages in the project are mainly focused on producing background
material for the overall goal of defining an international test standard for engine compartments, but the
project also includes work leading to recommendations on what type of fire detection system that is most
suited in e.g. toilet compartments on buses and how the systems should be installed.

The remaining work consists of more testing, both full scale and small scale testing, more studies of
background noise and fire causes in vehicles operating in different environments, e.g. in urban, in mines, or
at construction sites, and in the end the development of an international test method.

ACKNOWLEDGEMENTS

This work was financed by the FFI program of the Swedish Governmental Agency for Innovations
Systems, VINNOVA.

REFERENCES

[1] Meltzer N. R., Ayres G. and Truong M., Motorcoach Fire Safety Analysis: The Causes, Frequency, and
Severity of Motorcoach Fires in the United States, FIVE - Fires in Vehicles 2012.

[2] Hansen R., Design fires in underground hard rock mines, Licentiate Thesis 127, School of Sustainable
Development of Society and Technology, Milardalen University, Sweden, 2011.

[3] Hansen, Site inventory of operational mines-fire and smoke spread in underground mines, Milardalens
Hogskola, Visteras, 2009.

[4] S¢nksen H., Oral presentation at the Symposium on Fire Protection for Vehicles and Work Equipment
Underground, Freiberg, Germany, 2009.



[5] Hammarstrom R., Axelsson J. and Reinicke B., Fire Safety in Buses, WP1 report: Bus and coach fires
in Sweden and Norway. SP Fire Technology, SP Report 2006:26, 2006.

[6] Brandt]J. and Forsth M., Testing active fire protection systems for engine compartments in buses and
coaches - a pilot study, SP Report 2011:22, 2011.

[7] Kokki E., Bus Fires in 2010-2011 in Finland, FIVE - Fires in Vehicles 2012.

[8] BrandtJ., Modin H., Rosen F., Forsth M., and Ochoterena R., Test method for fire supression systems
in bus and coach engine compartments, SAE 2013-01-0208, 2013.

[9] J. Eriksson and M. Mansoori, Branddetektion i motorrum (Fire detection in engine compartments),
MSc. Thesis, Report 5206, Lund University of Technology, 2009.

[10]Willstrand O., Brandt J. and Svensson R, Fire detection & fire alarm systems in heavy duty vehicles,
WP5 — Fire detection in bus and coach toilet compartments and driver sleeping compartments, SP Report
2014:28, 2014.



This paper has been peer-reviewed and published in a special edition of
Traffic Injury Prevention 16(S1), by Taylor & Francis Group. The complete

paper will be available on the Traffic Injury Prevention and www.NHTSA.gov
websites on June 8, 2015.

To access all Peer-reviewed papers please copy and paste the link below into
your browser to access the papers.

http://www.tandfonline.com/toc/gcpi20/16/sup1



POTENTIAL SAFETY BENEFITS OF LANE DEPARTURE WARNING AND PREVENTION
SYSTEMS IN THE U.S. VEHICLE FLEET

John M. Scanlon
Virginia Tech
United States

Kristofer D. Kusano
Virginia Tech
United States

Rini Sherony
Toyota Engineering & Manufacturing North America, Inc.
United States

Hampton C. Gabler
Virginia Tech
United States

Paper Number 15-0080
ABSTRACT

Road departures account for nearly one-third of all fatal crashes. Lane departure warning (LDW) and lane
departure prevention (LDP) have the potential to mitigate the number of crashes and fatalities that result from
road departure crashes. The objective of this study was to predict the effectiveness of LDW and LDP in
preventing road departure crashes if all vehicles in departure crashes in the U.S. fleet were equipped with
either system. A set of 478 road departure crashes extracted from NASS/CDS 2012 were used to formulate a
simulation case set. Each of these crashes were than simulated with and without LDW and LDP systems. The
LDW system was assumed to alert the driver at the instance the leading wheel touched the lane marking. A
steering-based LDP system was assumed to operate in conjunction with LDW (i.e. by alerting the driver of a
lane departure) and directly modulate steering wheel angle at the instance the leading wheel touched the lane
marking. Four hypothetical LDP designs were evaluated, using typical evasive maneuvering behavior from a
lane departure, to be representative of “light”, “moderate”, “aggressive”, and “autonomous” steering. The
LDW system was estimated to reduce the number of crashes by 26.1% and the number of seriously injured
drivers by 20.7%. In contrast, the light steering to aggressive steering LDP systems were estimated to reduce
the number of crashes by 32.7% to 37.3% and the number of seriously injured drivers by 26.1% to 31.2%. The
LDP system with autonomous driving characteristics were estimated to reduce the number of crashes by 51.0%
and the number of serious injuries by 45.9%. This study shows that LDW and LDP could mitigate a large
proportion of crashes and injuries in lane departure crashes. This paper is directly relevant to the design and
evaluation of LDW and LDP systems.

INTRODUCTION

Road departure crashes are one of the most harmful crash modes in the United States. A review of crashes in
the National Automotive Sampling System (NASS) General Estimates System (GES) and Fatality Analysis
Reporting System (FARS) databases from years 2010 to 2011 indicate that departure crashes accounted for
only 10% of all crashes yet comprised 31% of all fatal crashes [1]. Lane departure warning (LDW) and lane
departure prevention (LDP) are emerging active safety systems that have the potential to prevent departure
crashes and injuries.



LDW works by alerting the driver, via an auditory, visual, or haptic warning [2], of a lane departure. However,
the effectiveness of this system is limited by the driver’s ability to respond to the departure event. In contrast,
LDP can directly modulate vehicle trajectory using various modalities, including steering or selective braking

of the vehicle’s wheels.

There is a need to distinguish between the expected benefits of LDW and LDP, specifically for the
implementation and design of these systems. In the U.S., the New Car Assessment Program (NCAP) tests for
the presence of LDW only [3]. In the European NCAP (EuroNCAP), the presence of LDW or LDP is awarded
equal points because of a lack of evidence that one system is more beneficial than the other [4].

The objective of this study was to compare the predicted safety benefits of LDW and LDP as if all vehicles in
departure crashes in the U.S. fleet were equipped with either system. Two measures of safety benefits were
evaluated: (1) the number of crashes that could have been avoided were investigated, and (2) the number of
seriously injured drivers that could have been prevented.

METHODOLOGY

Figure 1 summarizes the approach for estimating LDW and LDP benefits in the U.S. vehicle fleet. Each process in
the model is discussed in detail in the following sections.

NASS/CDS Lane Departure Crashes (n crashes)
I
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Figure 1. Simulation of NASS/CDS Road Departure Crashes to Estimate Benefits of a Steering-Based LDP
System.



Formulation of a Simulation Case Set
Data Source

Crashes in the 2012 National Automotive Sampling System Crashworthiness Data System (NASS/CDS) were
used to formulate the simulation case set. NASS/CDS is a nationally representative sample of crashes that
occurred in the U.S. Approximately 5,000 crashes are investigated annually by the National Highway Traffic
Safety Administration (NHTSA), and data collected by these investigators are compiled into the NASS/CDS
database. To be included in the database, at least one vehicle had to have been towed from the scene due to
damage. The database includes detailed medical records and information from the crash environment, such as
road characteristics and vehicle information, which make it ideal for this study. Each case is assigned a
national weight factor. The weight indicates the number of similar crashes that occurred annually in the United
States. The results presented in this paper use these case weightings, in order to make them nationally
representative. The simulation case set in this study included only single vehicle crashes where the driver
drifted out of their lane, and excluded other single vehicle crashes, such as control loss or contact with animals
in the roadway.

Estimating Departure Conditions

Although a very detailed database, NASS/CDS lacks many of the lane departure conditions needed for this
study, including departure speed, angle, and road radius of curvature. In order to estimate these missing
parameters, the National Cooperative Highway Research Program (NCHRP) Project 17-22 was used to predict
these missing parameters. The NCHRP 17-22 dataset consists of 890 NASS/CDS road departure crashes from
1997-2004 for which supplemental data collection was conducted on road departure conditions [5].

Statistical multivariate models for estimating departure conditions were formulated using the following
process. First, one-way ANOVAs were used to determine which predictors significantly correlated with the
departure conditions of interest. Second, models were developed to maximize the adjusted-R?, or goodness of
fit measure to the data. Three values were selected for each variable that represented the 17th, 50th, and 83rd
percentiles of three equally portioned areas under a normal probability distribution. This model development
strategy was previously implemented by Kusano et al. [6].

Review of Event Records

The shoulder width of the road, the travel lane of the vehicle, and lane markings were required for the
simulations. However, these parameters are not coded in the NASS/CDS database. Accordingly, these
measures were determined through manual review of scene evidence. Shoulder width was estimated from
scene photographs. Our approach was to categorize shoulder width as (a) zero-width, (b) between 0.3 and 1 m
wide, (c) between 1 to 3.6 m wide, or (d) over 3.6 m wide. If the shoulder was less than 0.3 m, it was coded as
zero-width. A width of 3.6 m was chosen because a typical highway lane in the U.S. is no wider than 3.6 m.
Initial travel lane was determined through reading the written event narrative and review of the scene
diagrams. Manual reviewers identified the presence of lane markings on scene photographs at the approximate
point of the first lane departure that led to the crash.

Driver Reaction Time

Drivers were simulated as having reaction times of either 0.38 s or 1.36 s. These values were chosen as upper
and lower bounds on reaction times based on a past driving simulator study by Suzuki and Jansson [7]. They
performed a study in a driving simulator with 24 drivers and 54 departure events. Depending on the warning



modality and if the driver was informed or not informed of the LDW system’s function, the reaction times
varied between 0.38 s to 1.36 s.

Simulation Case Set Replications

Each case was represented in the simulation case set multiple times. Each replication was given an equal
probability of occurring. The number of replications were determined using the possible crash conditions
previously described. For example, a crash that occurred on a curved road and with a shoulder width between
0.3 and 3.6 m had the most number of simulations (2 reaction times x 3 departure velocities x 3 departure
angles x 3 radius of curvatures x 2 shoulder widths = 108 simulations).

Simulation of Lane Departure Crashes

Kinematics simulations were performed using CarSim® vehicle simulation software [8]. The CarSim vehicle
model was of a model year 2000 Ford Taurus assumed to be a representative car in the fleet. This specific
vehicle was selected to be consistent with the VFU driver model [9]. Trajectories were simulated using initial
conditions from the simulation case set, the VFU ACAT driver model [9], the LDW model, and the LDP
model. All numerical integration was performed using 4th order Runge-Kutta method, and the simulation time
step was set to 0.01s. The travel lane in the simulations was 3.48 m wide for divided highways and 3.64 m
wide for undivided highways, as found from cases in the NCHRP 17-22 database.

Driver Model

To model driver control we used a driver recovery model developed by Volvo, Ford, and UMRTI (VFU)
through the Advanced Crash Avoidance Technologies (ACAT) Program, with sponsorship from NHTSA [9].
This model was developed to study driver steering and speed response to lane departure warning systems.
Steering is adjusted through a proportional control feedback loop based on the yaw rate of the vehicle. As the
vehicle approaches the edge lines of the road, the driver model considers the yaw of the vehicle, identifies if
that yaw will cause lane departure, and makes a proportional change to the yaw rate to maintain vehicle
position in the lane [10]. The parameters for the driver model were based on driving simulator experiments
performed in Ford’s VIRTTEX driving simulator, which matches the 2000 Ford Taurus CarSim model that was
developed for the VFU ACAT project and that was used in this study. Driver steering control was only
implemented after vehicle departure occurred and the driver had become attentive.

LDW and Steering-Based LDP modeling

In our simulations, the LDW system alerted the driver at the instance the leading wheel touched the lane
markings. The modeled LDP system works by directly modulating steering wheel angle. Additionally, the LDP
system was assumed to work in conjunction with an LDW system, i.e. the driver will still react after a lane
departure occurs. When the driver became attentive, LDP was assumed to no longer contribute modulating
steering.

Four potential LDP system designs were evaluated. Each LDP systems has unique steering wheel angular rates
and maximum steering angles that were intended to replicate “light”, “moderate”, “aggressive”, and
“autonomous” LDP systems. As shown in Figure 2, when LDP became activated, steering wheel angle would
change linearly at the prescribed angular rate, and would become saturated at the LDP maximum value. The
“moderate” LDP system (rate = 20 degrees/second, maximum = 4 degrees) was designed using data from low
severity departures. An analysis was performed on low angle departures that occurred during the IVBSS
naturalistic driving [11]. The “light” (rate = 10 degrees/second, maximum = 2 degrees) and “aggressive” (rate
= 40 degrees/second, maximum = 8 degrees) steering parameters were scaled to be one-half and two-times the

“moderate” values, respectively. The “autonomous” LDP (rate = 100 degrees/second, maximum = 50 degrees)
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steering parameters were determined using emergency driver steering data following severe lane departures.
These values were taken from a previous study by Kusano and Gabler [12] that investigated severe lane
departures during the Virginia Tech Transportation Institute (VTTI) 100-car study [13, 14].
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Figure 2. Steering control with LDP system.

Benefits Estimation

This study was interested in the number of crashes and seriously injured drivers that could have been prevented
with LDW and LDP. The benefits estimation methodology used have been previously implemented and
described by Kusano et al. [6].

Probability of a Crash

For a given simulation, indexed by i, the roadside terrain was discretized into zones, indexed by k, that were
parallel to the road boundary. The road boundary was defined as the edge of the paved road, i.e. crashes were
only assumed to occur off the paved road. We assume that the probability of a crash was dictated by two
factors: 1) the distance travelled laterally from the road, and 2) the total distance travelled off-road.

The NCHRP 17-22 data was used to estimate collision risk in these zones. The 17-22 dataset was ideal for this,
because the number of crashes in each of the roadside zones, Cj, and the distance traveled in each roadside zone, y;,
could be determined. Given the total simulated trajectory length in each zone k, L, the probability of a crash
P[Crash;], for a given trajectory could be calculated using Equation 1.

(1) P[Crash;] =1 —T]K_  exp (— %)

Probability of Seriously Injury Driver

The NCHRP 17-22 dataset was used to calculate probability of an injury given a simulated trajectory. For this study,
a seriously injured driver was defined to be a driver with a Maximum Abbreviated Injury Score of 3 or greater using
AIS98 [15]. In summary, the probability of a seriously injured driver was statistically modeled using logistic

regression functions. Departure velocity and seat belt usage were used as independent variables, and injury outcome



was the dependent variable. After determining the probability of an injury given the departure conditions P[injury;c],
the probability of an injury given the simulated trajectory, P[injury;], could be calculated using Equation 2.

2) P[Injury;] = P[Injury,c] P[Crash;]

Effectiveness Calculation

Benefits estimates were computed to determine the proportion of crashes and seriously injured drivers that could
have been prevented if the vehicle had been equipped with LDW or LDP. As shown in Equation 3, this can be
represented by an effectiveness measure, €, that is computed as the proportion of crashes reduced with LDW/LDP.
Because the number of nationally representative crashes and seriously injured drivers without LDW are known, the
simulated cases without LDW or LDP were additionally weighted to reflect these counts.

(3) €= Nwithaut LDW/LDP_Nwith LDW/LDP

Nwithaut LDW/LDP

RESULTS

Table 1 summarizes the number of single vehicle drift out of lane road departure crashes in NASS/CDS 2012.
Approximately 15% of all NASS/CDS 2012 crashes were drift out of lane departures. A manual review of
cases was then performed to eliminate incorrectly coded cases within the database. Additional, cases were
excluded for having disproportionally high case weight, for the departure being at a T-intersection, and for
having multiple departure sides. Cases with weightings greater than 5,000, as others have done in the existing
literature [16], were eliminated, because their simulated effectiveness greatly skew the data. The resulting 478
lane departure crashes formed the 20,118-simulation case set for making LDW/LDP benefits estimates, and are
represented of 147,662 crashes nationally.

Table 1. Case count summary. Cases were eliminated in the sequence described.

Group n Freq.
All Crashes in CDS 2012 3,581 | 1,996,016
Drift out of Lane Departures 629 293,937
Valid Departure after Manual Inspection 556 271,810
Exclusions for Weight > 5,000 5 91,577
Valid Departures End Pepartures 8 1,767
Multi-side Departures 65 30,804
Final Dataset for LDW Modeling 478 147,662

Table 2 lists the number of crashes and injuries without LDW/LDP systems along with the predicted
effectiveness of LDW and LDP systems. The LDW system was estimated to reduce the number of these drift
out of lane road departure crashes by 26.1% and the number of seriously injured drivers by 20.7%. In contrast,
the light steering to aggressive steering LDP systems were estimated to reduce the number of crashes by 32.7%
to 37.3% and the number of seriously injured drivers by 26.1% to 31.2%. The LDP system with autonomous
driving characteristics were estimated to reduce the number of crashes by 51.0% and the number of serious
injuries by 45.9%.



Table 2. Effectiveness of LDP in U.S. Vehicle Fleet.

Effectiveness
Measure Values (% Improvement)
Crashes
No LDW or LDP 147,662 -
with LDW 109,404 26.1%
Light 99,412 32.7%
. Moderate 96,939 34.4%
with LDP Aggressiveness 92,613 37.3%
Autonomous 72,403 51.0%
Injuries (MAIS3+)
No LDW or LDP 30,098 ——
with LDW 23,871 20.7%
Light 22,233 26.1%
. Moderate 21,722 27.8%
with LDP Aggressiveness 20,694 31.2%
Autonomous 16,274 45.9%

The effectiveness of LDW and LDP depended on the number of lanes crossed before departure. Figures 3 and
4 show the effectiveness of LDW and LDP by the number of lanes crossed before departure. Because this
model assumes no objects or vehicles on the paved road, the effectiveness of LDW and LDP were expected to
be dependent on the system’s ability to prevent a departure from the paved road.
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Figure 2. Effectiveness of LDW and LDP in reducing the number of crashes given the number of lanes which
needed to be crossed prior to leaving the road (n=20,118 simulations).
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Figure 3. Effectiveness of LDW and LDP in reducing the seriously injured drivers (MAIS 3+) as a function of
shoulder width (n=16,920 simulations).

Figures 3 and 4 show the effectiveness of LDW and LDP by shoulder width. Like number of lanes crossed
before departures, wider shoulders provided additional time and space for returning the vehicle to the road.
Only simulations that had no adjacent travel lanes crossed prior to departure, i.e. traveling in rightmost or
leftmost lane, are tabulated to isolate the effect of shoulder width from number of lanes before departure.
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DISUSSION

These results indicate that LDP systems can prevent a larger number of crashes and seriously injured drivers than
vehicles instrumented with only LDW. The potential benefits of LDP are dramatically influenced by the number of
lanes crossed before departure and shoulder width. The influence of these factors on benefits is especially important
when considering that 30% of crashes occurred on roads with no lane markings, and 29% of crashes occurred on
roads with no shoulder.

Steering-based LDP systems are attractive for a number of reasons. First, by modulating vehicle trajectory, LDP not
only warns the driver of a lane departure, but also gives the driver directional information about the required
recovery maneuver. By its nature, this warning with directional information may serve to further improve driver
reaction time and response. Second, steering-based LDP systems have the ability to begin returning the vehicle to
the departed lanes prior to driver reaction. Even steering-based LDP system with relatively light steering input still
yielded a substantially greater effectiveness than a simple LDW system.

There are several limitations to the current study. First, the mechanism which led to the lane departure was not
considered. The reason for initial lane departure, such as distractive driving or drowsiness, may be important to
consider when predicting driver response. Second, this model assumes that when the vehicle crosses adjacent lanes
there is no contact with other objects or vehicles. This approach provides a best case scenario, and may lead to an
overestimation of the systems effectiveness. Third, the LDP systems used in this study are simplistic representations
of actual LDP systems. For instance, the current model applies an angular rate to the steering wheel that becomes
saturated at some nominal value. Actual steering-based LDP systems may have more complex steering inputs that
are dependent on a variety of factors, such as vehicle speed and trajectory. Also, LDP systems can provide other
modes of lane departure prevention, such as through selective braking of wheels to direct the car back into the lane.
Fourth, LDW and LDP were assumed to become activated when the leading wheel crosses the line. In reality,
systems can become activated before or after lane departure occurs.

CONCLUSIONS

This study shows that LDW and LDP could mitigate a large proportion of crashes and injuries in lane departure
crashes. The results indicate that LDP systems are more effective than LDW systems at preventing the number or
crashes and seriously injured drivers in the U.S. fleet. This data also demonstrates the sensitivity of these measures
to LDP steering prior to driver reaction, and the dependency of effectiveness on number of lanes to road departure
and road width. This paper is directly relevant to the design and evaluation of LDW and LDP systems. The results of
this study could inform policy on regulatory and consumer rating tests.
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ABSTRACT

Airbag deployment simulation has been utilized as an important technique to predict the occupant protection performance
in the development and design stages. One of the key elements of airbag deployment behavior is the gas flow behavior of
jets from inflator. In this study, in order to understand the gas flow behavior of disk type inflator for driver side airbag,
visualization experiments were conducted using the schlieren method. The gas flow from the inflator with a retainer has
been found to have a strong directivity. Then, the gas flow simulation was conducted with a general purpose finite element
program, LS-DYNA, it was possible to obtain a good reproducibility. For reproduction, it was found that jet direction and
cone angle of gas diffusion were essential elements. Furthermore, comparison between simulation and experiments were
conducted for deployment behavior of driver side airbag, the effect of gas flow on deployment behavior was analyzed. It
was found from the results that the reproduction of gas flow from inflator was a major factor for reproduction on
deployment behavior of driver side airbag.

INTRODUCTION

To evaluate the occupant protection performance of the airbag, the airbag deployment simulation is an
important and efficient one approach. The first developed approach was uniform pressure method, which
obtained pressure from mixed jet gas property of inflator and equation of state was applied to entire inside of
airbag. This method could evaluate energy absorption of airbag and used for occupants protection analysis
combined with kinematic analysis.[1] However, Since the gas flow was not considered in this method, there
were some issues that behavior and energy absorption of airbag in deploying process could not be obtained
accurately. To resolve the issues, fluid and structure coupling method, ALE (Arbitrary Lagrangian-Eulerian)
method has been introduced.[2]

When this method was applied to airbag deployment analysis, to represent the deployment of the folded airbag,
enormous computational resources and cost were necessary.[3] To overcome the issue, a general purpose finite
element program, LS-DYNA, implemented a new method CPM (Corpuscular Particle Method) which replace gas
flow as particle movements. In this method, the gas was not treated as continuum and followed gas molecular
dynamics. Instead of all models of the gas molecules, the overall translational kinetic energy are replaced with a
number of particles to be equivalent.[4, 5]

It was not necessary to descrete entire space as same as ALE in this method, the deployment simulation has been
executed in available computational resources and cost. When the gas flow in narrow tube such as curtain airbag, it
was possible to predict the deployment behavior and an impact force property. The prediction is currently applied to
products development.[6] However, the difference has occurred in actual phenomena and simulation results when
the gas was evolved in large space such as driver side airbag. We focused the gas flow in the airbag, tried to
visualize the gas flow from inflator using schlieren method. In the past study, there was a observation of the gas
flow only inside the inflator.[7] Very few attemps have been made at such observation of the gas flow outside the
inflator for airbag deployment behavior.
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In this paper, the visualization experiments of the jet gas flow were conducted and reproduced the gas flow by CPM.
Then we applied the study results to deployment simulation of driver side airbag, and present the deployment
behavior was reproduced properly.

METHODS

Visualization Experiments of Gas Flow

To understand the jet gas flow from inflator, the visualization experiment using schlieren method was conducted in
open atmosphere space. It was hard to perceive clearly the jet gas flow with high speed camera. There was a PIV
method to observe velocity of marker particles which mixed in gas flow.[8] In this method, observation area was
local and it was hard to visualize the range of gas flow. Therefore, we selected the schlieren method to visualize
clearly and directly. The schlieren method is one method of observation for gas flow using difference of light
refractive index. The method has been used to visualize a shock wave of explosion or aircraft.[9,10] The
configuration of experiment apparatus are shown in Figure 1. A light from point light source was parallelized by
parabolic mirror, object inflator gas was ejected in the parallelized light. The light was condensed by parbolic
mirror again. The defocused light by difference of refractive index was removed by iris at focal point. Images of
differece of light contrasting were recorded with a high speed camera. In generaly, Although a knife edge was used
in schlieren method, to observe the diffusing gas from the center of inflator, iris was used to capture the gas clearly.
To take a picture of gas flow in range of airbag deployment, the world’s largest class parabolic mirror with a
diameter of one meter and focal length of eight meter was used in this experiments. This apparatus could be
visualized at least 3kPa pressure waves such as sound from trombone.[11]

For driver side airbag, the gas flow from inflator with or without a retainer was recorded with a high speed camera.

Point Light Source

Parabolic
Mirror

Inflator

Parabolic
Mirror

B
Inflator

(Left: Without retainer)
(Right: With retainer)

Parabolic Mirror
(@ 1m, Focal Point 8m)

Figure 1. Gas flow visualization apparatus of schlieren method at Tohoku University.
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Gas Flow Simulation of Inflator

Gas flow simulation with or without a retainer using CPM of the LS-DYNA were conducted to reproduce the
observed jet gas flow by visualization experiment. The research of seven CPM parameters is examined to
reproduce the real gas flow. The examined parameters are shown in Table 1.

Table 1.
Parameters of gas flow simulation
No. Parameter Without retainer With retainer
1 Initial direction of gas inflow Radial Radial / Axial
2 Cone angle from orifices Inactive / 16°/ 25° Inactive / 0.1~25°
3 Friction factor 0 (default) 0 ~ -0.2
4 Dynamic scaling of patricle Inactive / Active Inactive / Active
5 Initial gas inside airbag CV method / Particle CV method / Particle
6 Number of orifices 16 (Inflator pinholes) 16 / 4 (Retainer corner)
7 Number of gas components Mixed / Multiple Mixed / Multiple

Deployment Experiment of Driver Side Airbag

The static deployment behavior of driver side airbag was observed in an experiment. The experiment setting,
the airbag configuration and deployment appearance are shown in Figure 2.
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Load cell
(Attached under
retainer)

Inflator
® with retainer

Figure 2. Static deployment experiment of driver side airbag.

The unfolded tether less airbag with retainer was installed for the experiment. A load cell was set under the
retainer to measure a deployment force at installation point.

Deployment Simulation of Driver Side Airbag

A reproduce simulation shown in Figure 2 was conducted. A mechanical property of airbag fabric was from
tensile, shear test and reflected to the property of input deck. A gas temperature and a mass flow rate were
identified by tank test simulation. The parameter values of CPM were selected default condition on atmosphere
space and the best conditions on Table 1 to reproduce the gas flow. The effect of gas flow reproduction in
atmosphere space was examined to airbag deployment.
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RESULTS

Visualization Experiments and Simulation of Gas Flow

The gas flow from inflator was clearly visualized as a dark image in schlieren method. The results of
visualization are shown in Figure 3. The large distortion parts of parallel light were removed and observed as
shadow. Since the inflator gas had a high temperature and a high pressure, the gas produced a distinct
distortion that was different from the atmosphere. In these results, the difference of the flow with or without
retainer was clearly observed. The gas trended to be released radially and vertically from orifices on the
inflator for without a retainer. On the other hands, for with a retainer, the flow along the wall of retainer was
observed. Additionally, the flow along the wall did not diffuse immediately after release.

Inflator without retainer Inflator with retainer

Figure 3. Visualization of inflator gas by schlieren method
(Left: without retainer, Right: with retainer).

The gas flow of simulation by CPM for without the retainer in atmosphere space trended to be diffused
randomly. The behavior of particles did not show radial flow. (See Figure 4A)

To reproduce this trend, when the cone angle parameter in Table 1 was set appropriately, radial flow was
shown in Figure 4B.

On the other hands, for with retainer, the gas flow of simulation did not reproduce the experimental result. (See
Figure 4C) The parameters from No. 3 to No. 7 in Table 1 did not affect to gas flow behavior. (See Figure 4D)
For with retainer, when jet direction was set as axial jet along the wall of retainer, the diffusion range of flow
was slightly narrowed, however a directional flow was not reproduced. (See Figure 4E)

When additional parameter cone angle was set appropriately, the flow was reproduced as same as the
experimental result. (See Figure 4F)
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Inflator gas without retainer
| .

i

Retainer

Figure 4. Gas particle distribution of simulation result with retainer.

Deployment Experiments and Simulation of Driver Side Airbag

Comparison between deployment experiment and simulation of driver side airbag was conducted. When the jet
direction was set radially and vertically of the inflator in simulation, the result shows that the deployment
behavior was delay against experiment. Approximately half force of the experimental result occurred in
retainer fixed points. (See Figure 5A)

When the jet direction was set as axial and along the wall of retainer and cone angle was set appropriately, the
deployment time and deployment force were almost reproduced the experimental results. (See Figure 5B)
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Figure 5. Comparison of deployment behavior & deployment force between experiment and simulation
(Left: Radial jet, Right: Axial jet with Cone angle).

DISCUSSION

According to the result comparison between experiment and simulation, when the particles were
released to relatively wide space, random movement of each particle is dominant, the gas flow was
found to be not sufficiently reproducible by CPM.

The actual gas flow from orifices on the inflator is released in vertical direction on orifices. When the
gas flow from inflator with retainer is released, if it is assumed that the gas flow outlet faces open side
of the retainer, the gas is released perpendicular to the open side of the retainer.

In CPM, because the particles diffuse randomly from orifices of the inflator, it should apply correction
function such as cone angle.

CONCLUSIONS

The visualization experiment and simulation of the gas flow from inflator provide the following
findings.

Using schlieren method, the gas flow to atmosphere space is radially released perpendicular to orifices
on the inflator. When the retainer is installed on inflator, the gas flow along wall of retainer is
produced and the gas flow is perpendicular to open side of the inflator.

In simulation of CPM, particles from inflator behave randomly. To reproduce the actual radial flow, it
should have a correction function, such as a cone angle. When the gas flow with retainer is reproduced,
it should set the jet direction from open side of retainer and cone angle.

Applying the above conditions to deployment simulation of driver side airbag, the deployment behavior
and the deployment force property are reproduced the experimental results.
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ABSTRACT

The aim was to study the cause of the injuries of pedestrians when hit in frontal impacts by a vehicle. Depending on the impact
speed, the type and severity of the injuries may be due partly to the vehicle and partly to the road/ infrastructure, when falling
down. The study took into account the projection distance and the age of pedestrians.

The work has been supported by FSR (Fondation Sécurité Routiére)

All the accident cases were reviewed by an expert committee composed by physicians and accident analysis experts. For each
wounded pedestrian, the injuries were reviewed in order to determine their causing mechanism taking into account the accident
occurrence circonstances, the vehicle deformations and the clues on the road or infrastructure.

The data base was a sample of 100 in-depth investigations and reconstructions of accidents from years 2009 to 2011 involving at
least one injured pedestrian hit by a vehicle and continuously collected in a 20 km diameter area in the south of Paris (France).
The accident analysis team was called with the emergency team on field where the data were collected.

In the sample, 89 pedestrians were injured in a frontal impact. For 83 of them, it was possible to evaluate the vehicle speed during
the impact. In 12% of the cases the speed exceeded 50 km/h and all the pedestrians were severely injured (MAIS3+: pedestrian
with at least one injury scored above AIS3) with a high projection distance. Therefore, we focused on frontal impact with vehicle
speed below 50 km/h. In this configuration , considering injuries AIS2+, the head was the most often injured (53%) and then the
lower limbs (21%). Among the wounding elements, the ground was incriminated in 27.5% of the cases, then the bonnet (22%),
the windshield (17%) and the bumper (15.5%).When the vehicle speed was below 30 km/h, more than half of the injuries AIS2+
observed were caused by an impact with the ground. There was a compounding effect of age.

Though the sample is not representative of all French pedestrian accidents, it allows categorizing these accidents depending on
the impact speed. For each speed range, the main causal factor of the injuries was determined.

The vehicle speed was the major factor in the determinism of the injury severity of pedestrians involved in frontal impact, firstly
by direct impact secondly by increasing the projection distance and thus the severity of injuries due to ground impact. Primary
safety systems should reduce the severity of pedestrian injuries by decreasing the impact speed.

INTRODUCTION

The last WHO report relates that among the 1.24 milion deaths on the world’s roads, 22% were pedestrians [1].
When focusing on European countries, they are representing 21% of the fatalities [2]. In France, the percent is lower
but still high with 15% of the fatalities in 2014 [3]. In this context, a better understanding of the pedestrian injury
mechanisms will help to orient the preventive actions. LAB and CEESAR carried out a specific study about this
topic using in-depth accident analysis that was part of a larger project called CACIAUP supported by Fondation
Sécurité Routiere and the French car manufacturers. The aim of CACIAUP was to study three main topics: 1) to
improve the in-depth accident analysis in order to specifically adapt them to pedestrian accidents. It means to
optimize the alert, the way how data are collected and accident reconstruction techniques. 2) to follow the injured
pedestrians until recovery or stabilization of injury sequelae in order to evaluate the efficiency of the Injury
Impairment Scale (IIS) for this population of wounded people. 3) to identify main scenarios of accident involving a
pedestrian in order to better specify the primary or secondary safety systems.

The paper focus on the evaluation of the type and severity of injuries depending on the impact speed in frontal
impacts of pedestrians hit by a vehicle and of the determination of the cause of the injuries (part of the vehicle or
road/ infrastructure).



METHOD

Even a large part of the road fatalities are pedestrians, there is a lack of knowledge about the mechanisms of injuries.
In fact in accidents involving pedestrians, numerous clues and parameters rapidly disapear from the scene and render
difficult the analysis of the accident. That explains the necessity to adapt the current methodology of in-depth
accident investigation.

The in-depth accident investigation is a method to collect detailed road accident data. The latter are useful to
describe the circumstances leading up to the occurrence of road accidents. Experts collect transient clues concerning
many aspects of road environment (infrastructure, trafic, weather, ...), vehicles and road users that may have
contributed to the accident. This detailed knowledge allows to understand the determinism of the accident and to
reconstruct the accident with the pre and post crash periods by a PC crash simulation. Two ways to collect data are
available:

- on-the-spot in real time

- in delayed time: several days after the accidents

In-depth accident investigation is limited to a study zone where the accident analysis team has obtained all the
authorizations from different organizations: national commission for computing and liberties, the prosecutor of the
district: judicial authority, the police, the emergency services, the medical services, etc.

In-depth accident investigation in real time

A key point for the accident analysis experts is to be alerted at the same time as the emergency teams in order to
arrive with them on the scene to note and figure out the meaning of the transient clues. Among the latter, were the
locations of the involved vehicle and of the pedestrian in CACIAUP study. This point was specifically critical
because in these accidents involving a pedestrian the damaged vehicle was often moved and the emergency and
medical teams had to move the injured people in order to intervene as quickly as possible.
On the scene, experts collected transient data:

- Collection of the debriefings of the involved people and the potential witnesses,

- Collection of contextual information about infrastructrure, weather etc...

- Measures of the deformations of the involved vehicles and transcription of the clues
Though most of the information was collected on the scene, experts tried to keep in contact with the involved people
in hospital or at home in order to complete the interview. They were also in contact with the police and hospital
services.
This valuable method allows to collect very specific and useful data but has also drawbacks. It needs to be located in
a limited geographical zone so that experts have time enough to join the accident location in a minimum time before
transient clues disappear. Furthermore it is expensive and time consuming.

In-depth accident investigation in delayed time

In-depth accident investigation was sometimes carried out in delayed time. Experts were kept informed of the
accidents involving a pedestrian on the investigation area. They had to collect all the information from the police
and the road safety district squadron in order to get the accident location and time, accident configuration, vehicle
type, name and address of the involved people. Then the investigation went further by looking for additional data.
Experts went to analyze car deformations, infrastructure on the accident location. They also met the pedestrian and
the driver involved in the accident in order to determine the accident conditions and the performed maneuvers before
and during the accident.

This method was less efficient that the previous one on-the-spot due to the fact that transient clues were sometimes
lost. It was still informative and allows to incease the number of observations.

In both cases, a physician was in charge of collecting the medical data and to anonymize them.

CACIAUP sample

The main interest of CACIAUP sample was to have numerous parameters and the reconstruction of the accidents in
most of the cases. Though very useful, in-depth accident investigations addressed rather severe accidents and did not

allow to gather a representative sample. Nevertheless, when possible, it will be compared to the French national
road accident data base (BAAC: Bulletin d’Analyse des Accidents Corporels) collected in 2010.



The data base was a sample of 100 in-depth investigations and reconstructions of accidents from years 2009 to 2011
involving at least one injured pedestrian hit by a vehicle. They were collected in a 20 km diameter area in the south
of Paris (France) in the timeframe ranging between 6 a.m. and 9 p.m.. A pedestrian was defined as one person who
was on a roadway, a sidewalk, a path contiguous with a trafic way, or on a private property [4]. The road users in
roller or in scooter were not considered as pedestrians in the study. Among 100 in-depth investigations, 67 were
collected on-the-spot and in real time and 33 were collected a few days after the accidents.

Every accident was described in details using general variables in three areas (vehicle, occupant, and infrastructure).
Up to 800 variables usable for future studies were coded for each accident. Medical data of every injured road users
has been coded using AIS code revision 98 [5]. The score MAIS (Maximum AIS) was also used. It defined the
overall level of severity of the injuries and was obtained by considering the highest level of AIS of a casualty having
undergone multiple lesions. All the accident cases were reviewed by an expert committee composed by physicians
and accident analysis experts. For each wounded pedestrian, the injuries were reviewed in order to determine their
causing mechanism taking into account the accident occurrence circonstances, the vehicle deformations and the
clues on the road or infrastructure. The categorization of the wounding elements was facilitated by the accident
reconstructions.

GENERAL RESULTS:
General information on CACIAUP sample

Location
Among the 100 accidents, 95 of them were located in an urban area, 4 were on roads outside towns and 1 was
on an highway. It is comparable to what was observed in the BAAC: 94% of the accidents involving a
pedestrian against a car or a light truck were in urban areas.

Weather and light conditions
81% of the accidents occurred during the day, 4% at dawn or dusk and 15% during night. This differed from
the accidents observed in the BAAC with 20% of the accidents during the night. It must be reminded that the
timeframe of observation did not include a part of the night (from 9 p.m. to 6 a.m.).
81% of the accidents occurred under normal atmospheric conditions, 10% during rain, 6% under overcast and 3% in
bright weather. This was approximatly the same in the BAAC.

General information on the injured pedestrians

Description of the population of injured pedestrians
The 100 accidents involved 110 pedestrians including 50 males and 60 females. This corresponded to the percent
observed in the BAAC.
The sample was different from the BAAC with regard to age (Figure 1). 17% were children under 11 years (12% in
the BAAC) and 13% of the people older than 70 years (19% in the BAAC).
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Figurel. Distribution of age (in years) among injured pedestrians in CACIAUP compared to the BAAC



Injury severity
The percent of pedestrians severely injured was similar in CACIAUP and in the BAAC (around 41%). Among them,
the part of fatalities was higher in CACIAUP (14,5%) than in the BAAC (3,5%). Thus the CACIAUP sample
included cases with a higher level of severity.

Distribution by impact type

The distribution was almost similar in CACIAUP sample and in the BAAC. In the sample, 82% of the vehicles hit
the pedestrian by the frontal part, 10% by the rear part and 6% by the side part. Due to the limited size of the sample,
further analysis was performed on the frontal impacts only.

RESULTS FOR FRONTAL IMPACT:

Currently, the study focuses on the pedestrians injured in a frontal impact. In the sample, 89 pedestrians were hit by
the frontal part of the vehicle. For 83 of them, it was possible to evaluate the vehicle speed during the impact.

Distribution by accidental situations

In-depth accident investigations have shown that the main maneuvers of the pedestrians while hit by the vehicle
were the following:

- Road crossing: 56%

- Road crossing at an intersection: 27%

- Walk along the road: 7%

- Other maneuvers: 10%
To sum up, 83% of the accidents occurred while the pedestrian was crossing a road.

Vehicle characteristics

Vehicle front shape
The vehicle front shape is considered as an important factor in the determinism of the pedestrian injuries [6]. It was
taken into account. Four vehicle front shapes were observed:
- the wedge shape (2%),
- the box shape (8%),
- the pontoon shape (10%)
- the trapezoidal shape (80%) that was largely the most frequent.
Vehicle speed and projection of the pedestrian
The speed at impact and the projection distance of the pedestrian were two main parameters that were obtained
thanks to the in-depth investigations. The projection distance of the pedestrian was correlated to the speed as is
shown on figure 2. The higher the speed the longer the projection distance. A few accidents occurred at a speed
above 50km/h with a projection distance so high that the severe injuries could be the result of the direct impact of
the vehicle and/or of the falling down. So it was decided to focus on the accidents with a speed below 50 km/h.
The mean speed at impact was 32 km/h + 21.3.
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Figure 2. Distribution of the pedestrians according to the speed and the projection distance in frontal impact.



Injuries of the wounded pedestrians

87% of all the injuries , 97% of AIS2+ and 97% of AIS3+ were observed in frontal impacts.

Injuries of the pedestrians for a speed lower than 50 km/h
The sample of pedestrians hit by a vehicle at a speed lower than 50 km/h and for whom all the injuries were known
included 71 persons. Thanks to the in-depth investigations, the wounding element was identified for 88% of the
injuries. Table 1 describes the wounding elements incriminated to explain the injury AIS2+ of the different body

areas.

Upper Lower
Head Thorax Abdomen Spine Total
limbs limbs
Ground 19(15%) 8 (6%) 6 (4.5%) 0 (0%) 1(1%) 1(1%) 35(27.5%)
Bonnet 11 (9%) 1(1%) 6(4.5%) 7(6%) 2 (1.5%) 0 (0%) 27(22%)
Bumper 2 (2%) 0 (0%) 12 (10%) 1(1%) 2 (1.5%) 1(1%) 18 (15.5%)
Windshield 17(14%) 0 (0%) 0 (0%) 1(1%) 1(1%) 1(1%) 20(17%)
Lower
windscreen 9(7%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 9 (7%)
frame
Pilar 5(4%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 5 (4%)
Upper
windscreen 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
frame
Front light 0 (0%) 1(1%) 1(1%) 3(2%) 0 (0%) 0 (0%) 5 (4%)
Rear view
) 3(2%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 3 (2%)
mirror
Others 0 (0%) 0 (0%) 1(1%) 0 (0%) 0 (0%) 0 (0%) 1(1%)
Total 66(53%) 10 (8%) 26 (21%) 12(10%) 6 (5%) 3(3%) 123(100%)

Table 1- Distribution of the injuries AIS2+ per body area and vehicle impact part or ground — Speed < 50 km/h

The head was the most often injured (53%) and then the lower limbs (21%). Among the wounding element, the
ground was incriminated in 27.5% of the cases, then the bonnet (22%), the windshield (17%) and the bumper

(15.5%).

The severity of the injuries increased with the speed of impact (figure 3). 18% of the injuries were AIS3+.
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33% of the pedestrians were severely injured (MAIS3+). Among them, 59% had head injuries AIS3+. In about half
the cases, the latter were the consequence of an impact with the windshield probably aggravated by the impact on
the ground. 64% of the pedestrians were MAIS2+.

Considering the factor “age of the pedestrian”, 63% of the wounded pedestrians with injuries AIS3+ were older than
51 years. Among them, 54% were older than 71 years.

Injuries of the pedestrians for a speed lower than 30 km/h
When the vehicle speed was below 30 km/h, still 11% of the pedestrians were severely injured (MAIS3+). In most
of the cases, these severe injuries were related to the falling down. Considering now the injuries AIS2+ observed
when the vehicle speed was below 30 km/h, thanks to the in-depth investigations, the wounding element was
identified for 70% of the injuries. More than half of them were caused by an impact with the ground (table 2).

Upper Lower

Head limbs limbs Thorax Abdomen Spine Total
Ground 7(25%) 3 (11%) 4 (14%) 0 (0%) 1 (3.5%) 1 (3.5%) 16(57%)
Bonnet 1 (4%) 0 (0%) 1(3.5%) 0(0%) 0 (0%) 0 (%) 2(7.5%)
Bumper 0 (0%) 0 (0%) 3(11%) 0(0%) 0 (0%) 1 (3%) 4 (14.5%)
Windshield 4(14%) 0 (0%) 0 (0%) 0(0%) 0 (0%) 0 (0%) 4 (14%)
Lower
windscreen 0 (0%) 0(0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
frame
Pilar 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Upper
windscreen 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
frame
Front light 0 (0%) 1 (3.5%) 0 (0%) 0(0%) 0 (0%) 0 (0%) 1 (3.5%)
R‘iﬁ‘irrr‘gfw 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Others 0 (0%) 0 (0%) 1 (3.5%) 0 (0%) 0 (0%) 0 (0%) 1(3.5%)
Total 12(43%) 4 (14.5%) 9 (32%) 0(0%) 1 (3.5%) 2 (7%) 28(100%)

Table 2- Distribution of the injuries AIS2+ per body area and vehicle impact part or ground — Speed < 30 km/h

The head was the most often injured (43%), then the lower limbs (32%) and the upper limbs (14.5%). Among the
wounding element, the ground was incriminated in 57% of the cases, then the bumper (14.5%), the windshield
(14%) and the bonnet(7.5%). 64% of the pedestrians were MAIS2+.

Considering the factor “age of the pedestrian”, 30% of the wounded pedestrians with injuries AIS2+ were older than
51 years. Among them, 75% were older than 71 years.

DISCUSSION

Though CACIAUP sample was not representative of the population of pedestrians injured on the French roads, the
in-depth investigations were useful to study the determinism of the injuries. For each injury, the causing
mechanisms were discussed among the accident experts and the physicians in order to take into account the entire
course of the accident and not only the direct impact by the vehicle. The share of all the information about the
accidents and their reconstructions enabled to perform this complex task. The final positions of both the vehicle and
the pedestrian were so important for an accurate analysis, that the project had asked to the police to mark these
positions when they arrived on the spot. Thus, it was possible to obtain the projection distance for the in-depth
investigations either in real time or in delayed time. The results showed that the impact speed and the projection
distance were correlated although there was a high variation among the different cases. Sometimes, pedestrians hit
different obstacles in the infrastructure which reduced the projection distance but often led to severe injuries. The
regression curve shows that the higher the speed the longer the projection distance. For speed close to 50 km/h, it
could reach more that 20 m. Such distances imply a high risk of injuries during the falling down or at least a risk to
worsen the initial injuries due to the direct car impacts.



Most of the CACIAUP results were in accordance with previous studies. The role of the vehicle speed has already
been described. Rosen and Sander (2009) have shown a strong relation between the fatality risk and the car impact
speed [7]. The circumstances of the accident have been described with a large majority of pedestrians crossing
roadway [8] as was found in CACIAUP. However, previous studies found that pedestrians were coded to be not as
frequently and severely injured by the ground during vehicle-to-pedestrian crashes [4].

Looking at the two tables describing the distribution of the injuries AIS2+ per body areas and per wounding impact
elements, more than a quarter of the injuries were due to ground/infrastructure impacts for speeds below 50 km/h,
and more than half of the injuries were due to ground/infrastruture impacts for speeds below 30 km/h. In many
studies, these injuries were often underestimated or all injuries were often related by excess to the direct car impacts.
The high percent of injuries aggravated or due to the falling down imply that they have to be taken into account.
Secondary safety systems have no efficiency on these injuries. They have a limited efficiency on the occurrence of
lesions: 1) concerning those related to the direct vehicle impact, secondary safety systems could not impede the
abnormal movements of body segments with each other, 2) during the impact, the kinematic energy related to the
velocity is transmitted to the pedestrian that is projected to a more or less longer distance. The projection distance
increases rapidly with the speed and these systems have no protective effects on the lesions provoked by the falling
out. Given the important role of the speed on both direct injuries and secondary injuries due to the falling down or
the impact against infrastructure, the priority is to reduce the impact speed. Several solutions could be proposed.
First of all, as it is a problem of interaction among the different road users, each of them have rules to respect in
order to avoid dangerous conflicts. Especially in urban areas, speed limits help the drivers to adapt their speed to the
context of the road and the presence of pedestrians. Primary safety systems could also help the drivers when there is
a failure of perception or attention. The advanced emergency braking systems (AEBS) could be very relevant
because they avoid contact with the pedestrian or reduce the impact speed if they can not prevent contact. In the
latter cases, the resulting reduction of the impact speed decreases the severity of the injuries due to direct vehicle
contact and also decreases those due to the falling down because the projection distance is reduced. At low speed, it
could be vital for elderly people to avoid the contact as they can be seriously injured only by falling from their
height without any injuries due to the vehicle. In CACIAUP, this point especially affects the population of
pedestrians over 71.

CONCLUSION

The vehicle speed was the major factor in the determinism of the injury severity of pedestrians involved in frontal
impact, firstly by direct impact secondly by increasing the projection distance and thus the severity of injuries due to
secondary impacts. CACIAUP results have showed a high number of the injuries due to the ground impact or
aggravated by the falling down. Secondary safety has limited effects to protect the pedestrians due to the fact that it
does not limit or impede the projection of the pedestrian when hit. Primary safety systems should more efficiently
reduce the severity of pedestrian injuries by decreasing the impact speed. In that way, they decrease the energy of
the direct impact and the projection distance and thus the severity of the injuries due to all the wounding elements in
secondary impacts.
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ABSTRACT

A study was conducted on five different vehicles. Each vehicle was dynamically rollover tested using similar rollover test
parameters. The study was performed to examine the major factors in a rollover that match structural injury risk to injury
measures for occupants that were neither ejected nor partially ejected.

RESEARCH OBJECTIVES

Identify major factors in a rollover that match structural injury risk to injury measures for occupants that were
neither ejected nor partially ejected.

INTRODUCTION

In recent years, efforts have been underway to develop a global full-scale dynamic rollover regulatory
compliance test with instrumented anthropomorphic dummies. Compliance in this test is a function of both
vehicle structural and dummy responses. In 2009, NHTSA amended the strength to weight ratio (SWR)
requirement by increasing the criteria from 1.5 to 3.0 in the quasi-static FMVSS 216 Roof Crush compliance
test. NHTSA also initiated research on a dynamic rollover compliance test. NHTSA pointed out that a
regulatory compliance test be based on dummy injury measures and criteria that match the structural injury risk
and criteria. Establishing the relationship between a vehicles structural performance and dummy injury
measures became a primary objective of the (CfIR) Center for Injury Research recent research.

Until 2002 no direct measures of occupant responses and no data upon which to evaluate primary and
supplemental restraint systems in a rollover environment have been available with the exception of virtual
dummies. Virtual dummies are limited in that they cannot emulate the variable stiffness of human reactions over
0.9 seconds. A dynamic rollover test protocol can be used to determine the dummy kinematics in a rollover to
better understand the relationship between the roof and occupant at the time of roof impact. Furthermore, the
effectiveness of lap and shoulder belts in a rollover can be analyzed.

NHTSA has identified residual roof crush as the most important factor for determining structural injury risk in a
rollover after an accident has occurred. Residual crush is the only data available to an investigator after a
rollover accident. A specific injury is usually the result of a single impact not the result of a sequence of
impacts. Dummy injury measures in a dynamic test can provide the time history of roof crush and crush speed.
Structural injury risk, as used here, is a statistical term relating structural performance in terms of crush to the
probability of human real-world injury. The probability of human real-world injury, or injury risk, could be
defined with other factors as well.

Structural injury risk statistics were obtained from NHTSA’s NASS (National Automotive Sampling System)
and CIREN (Crash Injury Research) data. The data was then used to derive the “structural injury risk” criteria
for the proposed compliance test. The probability of injury for a belted occupant is based on residual roof crush
as well as the dynamic speed of roof crush. This means that for the same amount of roof intrusion the injury risk
can be much higher for a scenario where the roof intrusion speed is high versus a lower intrusion speed. A
NASS/CIREN statistical analysis of more than 20,000 model year 1993 to 2007 vehicles identified that the
probability of injury is a function of maximum residual crush at the front seat occupant position as shown in
Figure 1 by Mandell, et al. [1]. A rollover regulatory or NCAP injury measure system should match structural
injury risk criteria with the predominant head, neck, and thorax injuries. The real-world rollover crash data files
suggested that quadriplegia and paraplegia were consequences of lower neck bending injuries (bilateral locked

Friedman 1



facets), while death was usually attributed to head injury, upper neck cord damage affecting pulmonary and
circulatory functions at C1 to C3, and/or thorax injury.

Mortality (95% CI).

Roof crush Probability Weighted Unadjusted odds Adjusted odds? Conditional odds®
probability (hazard ratio)

0-3cm 3.41% 0.38% 1.0 1.0 1.0

3-8cm 2.03% 0.35% 0.588 (0.354,0.977) 0.606 (0.362, 1.013) 0.577 (0.345, 0.963)

8-15cm 2.64% 0.28% 0.769 (0.485, 1.218) 0.794 (0.497, 1.268) 0.759 (0.476, 1.210)

15-30cm 6.86% 1.63% 2.089 (1.461, 2.987) 2.452 (1.684, 3.569) 2.253(1.554, 3.267)

>30cm 18.18% 3.08% 6.301 (4.369, 9.087) 7.241(4.895,10.710) 6.548 (4.444, 9.647)

event.

Spine Injury AlS = 3 (95% CI).

4 Adjustment was done on (conditioning variables for adjusted logistic regression) age + age-squared, front seat v. rear seat, left seat v. right seat, gender.
b Conditional models were matched on body type (Auto, SUV, Truck, Van/Minivan), # rolls (2-3, 4-5, 6+ or lateral), curb weight (<> mean 1490 kg), rollover as primary

Roof crush Probability Weighted Unadjusted odds Adjusted odds?® Conditional odds®
probability (hazard ratio)

0-3cm 1.96% 0.46% 1.0 1.0 1.0

3-8cm 1.92% 0.37% 0.978 (0.566, 1.690) 0.958 (0.551, 1.665) 0.935(0.538, 1.624)

8-15cm 3.79% 0.94% 1.968 (1.273, 3.043) 1.883 (1.206, 2.940) 1.838(1.179, 2.865)

15-30cm 4.82% 1.38% 2530(1.634,3.917) 2.341(1.474,3.718) 2.343 (1.480, 3.708)

=30cm 5.09% 1.01% 2682 (1.474,4.877) 2.690 (1.452, 4983) 2,588 (1.399, 4.789)

event.

Spinal cord injury (95% CI).

3 Adjustment was done on (conditioning variables for adjusted logistic regression) age + age-squared, front seat v. rear seat, left seat v, right seat, gender,
b Conditional models were matched on body type (Auto, SUV, Truck, Van/Minivan), # rolls (2-3, 4-5, 6+ or lateral), curb weight (<> mean 1490 kg), rollover as primary

Roof crush Probability Weighted Unadjusted odds Adjusted odds? Conditional odds®
probability (hazard ratio)

0-3cm 0.62% 0.06% 1.0 1.0 1.0

3-8cm 0.56% 0.09% 0.911(0.337, 2.460) 0.868 (0.320, 2.355) 0.854(0.315, 2.315)

8-15cm 0.69% 0.19% 1.113(0.440, 2.812) 1.083 (0.425, 2.760) 1.071 (0.421, 2.724)

15-30cm 1.90% 0.56% 3.104 (1.513, 6.366) 3.062 (1.457, 6.439) 3.195(1.529, 6.673)

=30cm 2.18% 0.26% 3.579(1.409, 9.092) 3.483 (1.338, 9.067) 3.434 (1.324, 8.906)

4 Adjustment was done on (conditioning variables for adjusted logistic regression) age + age-squared, front seat v. rear seat, left seat v. right seat, gender.
b Conditional models were matched on body type (Auto, SUV, Truck, Van/Minivan), # rolls (2-3, 4-5, G+ or lateral), curb weight (<> mean 1490 kg), rollover as primary
event.

Head injury AIS = 3 (95% Cl).

Roof crush Probability Weighted Unadjusted odds Adjusted odds? Conditional odds®
probability (hazard ratio)

0-3cm 3.82% 0.76% 1.0 1.0 1.0

3-8cm 2.26% 0.84% 0.582 (0.359, 0.942) 0.603 (0.371, 0.981) 0.580(0.357, 0.942)

8-15cm 4.25% 0.77% 1.117 (0.764, 1.634) 1.188 (0.807, 1.749) 1.136(0.773, 1.669)

15-30cm 5.69% 1.05% 1.520(1.045,2.211) 1.678 (1.135, 2.480) 1.545(1.049, 2.277)

=30cm 12.73% 2.11% 3.672 (2.456, 5.490) 4.088 (2.692, 6.209) 3.694 (2.442, 5.588)

4 Adjustment was done on (conditioning variables for adjusted logistic regression) age + age-squared, front seat v. rear seat, left seat v. right seat, gender.
b Conditional models were matched on body type (Auto, SUV, Truck, Van/Minivan), # rolls (2-3, 4-5, 6+ or lateral), curb weight (<> mean 1490 kg), rollover as primary
event.

Figure 1. NASS/CIREN statistical analysis.

Precrash headroom, the effect dynamic intrusion has on headroom, and belt forces were identified as major
factors that can be used for determining neck and head injuries in rollovers. Using a hybrid 111, dummy lap and
shoulder belt forces measured in a dynamic rollover test can be used to reasonably determine dummy motion
and the amount of headroom loss for a specific vehicle.

Computer simulations of dummies with tensed and untensed necks, human volunteer drop testing from 12 to 36
inches [2], and comparative tests between dummies and humans determined that to better match human
characteristcs in flexion the dummy neck should be 1/3 as stiff as the production Hybrid 111 neck and inclined at
30 degrees to the torso [3]. The ultimate value of a dynamic test is to not only assess structural injury risk such
as intrusion, but also dummy injury criteria measured from transducers mounted in a reasonably-humanlike
anthropometric test device. At present, most laboratories and finite element models utilize the Hybrid 111
dummy as the human surrogate. The Hybrid 111 dummy was modified with a low-durometer neck oriented in
30° pre-flexion and instrumented with a six-axis lower neck load cell. The IBM bending criteria was derived
from the lower neck My and Mx momentum exchange, and the IHA was derived from the dummy head impact
speed and displacement.

A match between roof intrusion measures and dummy injury measures was identified in the five dynamic
rollover tests using five different vehicles. The study determined that when the lap and shoulder belt forces were
high the belts were effective in minimizing the dummy’s motion towards the roof. When occupant motion
towards the roof in a rollover, or diving, and low structural injury risk existed (low intrusion and low intrusion
speed) the dummy injury measures were small. However, when high structural injury risk existed the reduction
in the dummy diving motion was not sufficient to minimize dummy injury risk.
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METHODS

Two generations of a mechanical rollover fixture called the Jordan Rollover System (JRS) were built and
installed at CfIR, UVA (NHTSA), and UNSW. Over 50 vehicles have been evaluated for injury risk as defined
by residual roof crush and crush speed using the JRS. The JRS rollover test protocol is used to examine the
crash segment of a rollover that is further explained in ESV 11-0405 paper [4]. Moreover, it is used to assess
what happens in a rollover crash after the vehicle begins to roll and two or more wheels of the vehicle have left
the ground. Determining the factors such as vehicle handling and stability are assessed using other test methods.

Every rollover crash can be broken down into segments as defined by roll angle to evaluate the kinematics of a
dummy/occupant. As a result the segment of the rollover crash with the greatest-injury potential was identified.
The process of identifying the most serious injury potential required evaluating the injury potential sensitivity of
each segment and its influence on the following segment. A real-world dynamic rollover test protocol should
represent the injury consequences of FMVSS 216 and 226 compliant vehicles. This means that the injury criteria
used in the protocol is not related to unbelted occupants or occupants that are partially ejected in a rollover. The
test protocol is defined by road speed and roll rate to a 1-roll event at 33.6 kph (21 mph), 280°/sec roll rate, 10°
of pitch, 145° contact angle and a drop height of 10 to 15 cm (4 to 6 inches) (See Table 1). The methodology for
the development of the test protocol in Table 1 is explained in detail in ICrash paper ICR-14-33.

Table 1.
The proposed real-world rollover protocol

Impact Road speed 33.8 kph (21 mph) + 1.6 kph (1 mph)
Roll rate @ near-side impact 270°/sec £ 10%

Pitch 10° £ 2°

Roll angle at impact 145° + 5°

Drop height 10 cm £ 2 cm (3 to 4.5 inches )

Yaw angle 10° + 1°

Dummy initially tethered @ 1 g and 60° toward the nearside

Consensus injury measures at 8 mph developed by McElhaney [5] and combined by Paver [6] are shown in
Figure 2. The map of the injury measures was submitted to NHTSA in 2008. It describes the combination of an
impact speed and head displacement and establishes areas of AlS values. The first integration over 60 ms of the
resultant head acceleration represents the head velocity and the double integration represents the head
displacement. The product of head velocity and displacement is the integrated head acceleration (IHA). For AIS
3+, the product of a 13 kph (8 mph) head impact velocity and a 15 cm (6 inches) head displacement yields an
IHA criteria of 48. The only consensus injury measures were roof crush and roof crush speed based on criteria
developed by McElhaney [6].

Crush and Speed Injury Level
16 [AI53-4 AIS 5-6
14 Serious and Catastrophic, Fatal
Potentially Injury Potential

— 12 Permanent
:g' Injury Potential
ﬁ 10
E
o8
=2
g6
© AIS 0-2 AIS 4-5
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>4 No Injury, Minor or Permanent Total
o Moderate Potential Disability Injury
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0 2 4 6 8 10 12 14 16 18
Dynamic Crush Speed (mph)

Figure 2. Dynamic crush and crush speed in relation to AlS injury levels.
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The dummy injury measure representing the momentum exchange between roof contact and neck flexion, called
the IBM, was derived by integrating the resultant of Mx and My lower neck bending moments. Correlating
results with residual crush values defined as injurious yielded the criteria as 13.5.

An example of an injury risk relationship was demonstrated by the 1IHS analysis of the effect of SWR vs. injury
rate. In 2008, CfIR compared the results of 21 JRS tests to I1HS statistical structural injury risk data which
showed a substantial benefit from increased roof SWR [7]. NHTSA statistical analysis indicated that, when roof
crush exceeded headroom, injury was five times more likely [8-9]. Moreover, the data indicated that the
probability of death and serious-to-fatal head, spine, and spinal cord injury to belted occupants increases rapidly
with cumulative vertical residual crush over the front occupant’s seating position.

Since the real-world protocol described in Table 1 involves a 21 mph 10° pitch protocol, CfIR used a
normalization procedure previously published [10] to represent most vehicles tested. The normalization
procedure predicts the amount of residual crush based on SWR when a vehicle is tested using the real-world
protocol. Validation of the normalization procedure is shown by the two bars corresponding to the 1999
Hyundai Sonata marked with an “x” as shown in Figure 3. One bar is the normalized value and the other bar is
the JRS test result using the real- world protocol with less than a 10% error. The demonstration characterizes the
probability of structural injury risk resulting from the proposed dynamic rollover test.

Vehicles with “acceptable” compliance have less than 6 inches of residual crush (and corresponding dummy
injury measures). The colour bands identify the rating system. Although many vehicles tested would rate “poor”
none were unacceptable. The chart is normalized to the 1st roll of a 2 Roll rollover representing 95% of all
rollovers and AlS 3+ rollovers. Vehicles with residual crush less than 3.5 inches would be read “good”, vehicles
with residual crush up to 6 would be rated “acceptable”, vehicles with residual crush between 6 and 12 inches
would be rated “poor”, and vehicles with residual crush more than 12 inches would be rated “unacceptable”.

Vertical Residual A-Pillar Crush
Normalized to 21mph 10 deg pitch
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Figure 3. Normalized vertical residual A-pillar crush for various vehicles.
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RESULTS

There were five tests conducted using a “low-severity” protocol. The low-severity protocol differed from the
proposed real-world protocol (Table 1) in that the translational speed was 15 mph versus 21 mph and the pitch
angle was 5° pitch versus 10°. The structural injury risk relative to dummy injury criteria was matched in Figure
4. Based on a hybrid 111 dummy configured with a soft neck angled at 30 degrees, the dummy injury measures
were found to be a function of headroom and belt loading. Dummy configuration was the same for each vehicle
test.
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The six bars in the figure from left to right represent corrected residual crush, dynamic injury risk, peak lower
neck axial compression, peak lower neck flexion moment, the IBM, and the IHA.

e The royal blue (corrected from the string pot angle) and red (dynamic injury risk) bars represent
residual roof crush and roof crush speed. Based on the structural injury criteria as defined by
NASS/CIREN data the percentage probability of a AIS 3+ structural injury risk is 100 percent of
Critical Value.

e The olive (peak axial lower neck compression) and purple (peak lower neck flexion moment) bars
represent the percentage probability of AIS 3+ injury for traditional Injury Assessment Reference
Values (IARV). Traditional IARV measures and criteria applicable to frontal and side impacts
substantially underestimate rollover injury potential as result of the dummy stiffness being attuned to
crash modes other than rollover.

e The turquoise (IBM) and orange (IHA) bars represent the percentage probability of AIS 3+ injury ina
rollover crash.

Roll 1: Injury Risk and Dummy Injury Measures
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Figure 4. Structural injury risk and dummy injury measures of five production vehicles.

The 2009 Volkswagen Tiguan precrash headroom measured from the header was approximately 5 inches using
the dummy configuration described earlier. The dynamic speed of intrusion is only 18% of structural injury
criteria and the headroom was reduced to approximately zero during the rollover crash test. The peak lap belt
force was 247 pounds and the shoulder belt force was 250 pounds. The peak lap and shoulder belt forces
occurred during the roll segment that spanned from 180 degrees (completely inverted) through the far side
impact roof crush.

The 2009 Chevrolet Malibu precrash headroom measured from the header was approximately 6 inches. The
Malibu residual intrusion is 90% of the structural injury risk criteria. The bending moment is consistent with the
roof intrusion. However, the IHA is more than twice the dynamic intrusion speed and as a result of this was over
150% of the critical value. The peak lap belt force was 245 pounds and the shoulder belt force was 171 pounds.
The lap and shoulder belt provided the dummy with adequate resistance to falling immediately before and at the
time of the far side impact. The test video shows the collapse at the top of the A-Pillar to be timed with the
dummy’s rotation about the seat due to gravitational forces. No dummy motion in the direction of the vehicle’s
z-axis was observed.

The 2010 Toyota Prius precrash headroom measured from the header was approximately 4 inches. In terms of
structural injury risk the 2010 Toyota Prius measured slightly less than the Malibu. However, for the Malibu the
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IBM is more than twice its residual intrusion and dynamic speed. The peak lap belt force was 207 pounds and
the shoulder belt force was 401 pounds. The shoulder belt force diminished quickly at the time of peak
intrusion.

The 2010 Ford F150 precrash headroom measured from the header was approximately 10 inches. The F150
exhibits residual crush and dynamic intrusion speed at the critical limit of the structural injury measures. The
peak lap belt force was 246 pounds and the shoulder belt force was 597 pounds. The shoulder belt force
diminished at the onset of the far side impact. Although the headroom for this vehicle is much higher than the
other four, the structural injury measures are high enough to affect the dummy injury measures.

The 2012 Kia Soul precrash headroom measured from the header was approximately 5 inches. Although the
dummy did contact the roof intrusion and intrusion speed was so low that the dummy injury measures remained
below the critical injury values. The peak lap belt force was 387 pounds and the shoulder belt force was 261
pounds.

DISCUSSION AND LIMITATIONS

Precrash headroom for each vehicle is slightly higher than a typical seated 50™ percentile human because of the
30 degree soft neck angle used as an initial condition for the start of the rollover segment. The soft neck
response to the dynamic forces involved in the rollover crash proved that the initial condition did not produce a
negative effect on the test. Because the neck was able to respond quickly the dummy head position moved in the
direction of the applied external forces. This meant that when the roof loading imparted an acceleration on the
dummy and belts responded in the opposite direction the unrestrained head would move towards the roof as to
be expected in a rollover.

The Tiguan showed correlation between relatively low residual crush and dynamic intrusion speed relative to
dummy injury criteria. The values relative to criteria are so low that this vehicle is very safe in a rollover
compared to the other four vehicles. Furthermore, the dynamic test validated the use of the lap and shoulder
belts during the rollover. Because the belt provided the dummy with the necessary resistance to falling and the
dynamic roof crush was minimal the magnitude of the impact with the header was minimized.

The Malibu vehicle as tested indicates a low force to the shoulder belt relative to other vehicles. In combination
with a residual roof intrusion equal to 90% of the critical limit this allowed the upper torso of the dummy to
rotate about the seat more rapidly and thus resulting in a high risk of serious head injury.

The Toyota Prius as a result of limited head room is very likely to result in a hyperflexion neck injury whenever
the structural injury measures are close to the critical value. The small amount of headroom meant that the
residual roof intrusion measure is more critical for the Toyota Prius to perform in terms of structural injury
measures.

The Kia Soul has a little more than 5 inches of head room. With respect to the critical values, the residual
intrusion and dynamic intrusion speed are not significally different from IBM and IHA measures. The peak lap
belt force was 387 pounds and the shoulder belt force was 261 pounds. The belt forces diminished at the time of
the far side impact indicating the roof was intruding on the occupant. The residual intrusion, IBM, and IHA
support this finding. Because the intrusion measures were not exceeding the critical limit the IBM and IHA were
also below the limit. The rollover test performed on the Kia Soul showed the vehicle to perform reasonably.

The F-150 has approximately 10 inches of headroom which is roughly 5 inches more than any of the other
vehicles. The dummy injury measures match the structural injury risk measures. Furthermore, the structural
injury criteria is near 100%. The peak lap belt force was 246 pounds and the shoulder belt force was 597
pounds. However, the belt forces diminished at the time of the far side impact indicating the roof was intruding
on the occupant. The residual intrusion, IBM, and IHA support this finding. Figure 5 illustrates the percent of
structural and dummy injury criteria for a 2010 Ford F150 pickup in a rollover [11].
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Ford F-150 Roll 1: Injury Risk and Dummy Injury Measures
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Figure 5. Structural injury risk and dummy injury measures for the 2010 Ford F-150.

There is a good match between structural and dummy injury measures which suggests that the vehicle is not
safe. In a more severe rollover where the translational speed is 20 mph as opposed to 15 mph, the residual
intrusion and dummy injury measures would well exceed criteria.

CONCLUSIONS

The five vehicle tests were conducted using a 24.1 kph (15 mph) translational speed, 190°/sec roll rate, and 5° of
pitch. Studies of the vehicle trajectory preceding a near-side roll indicate that the far-side occupant experiences
pre-trip yaw and trip accelerations of 0.7 to 1 G towards the near side. Experiments with human occupants and
Madymo modelling (as part of the Far-Side Project) indicated that the subject leans to the nearside seat or center
console so far that it is out of the shoulder belt [12]. Because of the occupant kinematics in a rollover lap belts
need to be respond quickly to maintain the occupant seating position in a rollover. However, the loading
associated with the lap belt can be excessive and therefore the best solution is one that maintains the occupant in
its seating position by using both the shoulder and lap belt throughout the rollover segment. This can only be
assessed using a dynamic test.

The JRS vehicle rollover dynamic testing apparatus has identified the 2010 Ford F150 as one of the vehicles
which meets the most rigorous static roof strength criteria (SWR of 4 or greater) but fails to provide occupant
protection from injury risk in a rollover consisting of more than one quarter turn. Results of JRS testing using a
low-severity dynamic test protocol revealed it was possible for the side glazing to break causing a potential
ejection portal in good SWR vehicles.

Because residual crush is measured post crash the factors that cause residual crush should be determined to
better understand dynamic performance. Residual crush is found to be a function of vehicle strength to weight
ratio, roof structure elasticity, and other geometric considerations [9]. When executing the I1IHS roof strength
protocol using a FMVSS 216 a roof crush test apparatus the elasticity of the roof structure can be measured as a
second part of the roof crush test. The measurement would be added to the existing IIHS roof strength rating by
measuring load and displacement (using the 13mm/sec speed) as the ram reverses direction until the load
reading approached some number close to zero. This displacement value would then represent the elasticity of
the roof structure.

An elasticity correction is necessary for better correlation of field data related to rollover injuries of late model
vehicles with strong roofs. This is because the intrusion criteria was developed using earlier model vehicles with
less elasticity. The NASS-CIREN files (Mandel probability of injury charts) are based on fleet average vehicles
of the 90’s with SWR’s of about two and an elasticity of about 30%. Post 2005 vehicles have SWR’s greater
than four and an elasticity of 60%. Elasticity is a function of roof structure elements being less deformed as a
result of a stronger roof structure.
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A vehicle that can provide protection for its occupants in a rollover should be defined by a dynamic rollover test
that is based on both structural and dummy injury measures. By using a dynamic test procedure roof strength,
effectiveness of primary and supplemental restraints, and the effect interior components have on an occupant in
a rollover can all be measured. Historically rollover regulations have been less rigorous than frontal and side
crashworthiness regulations. However, rollovers have the highest percentage of fatalities and make up 30
percent of all deaths associated with vehicle crashes inside the U.S.

Similar to the existing US regulatory side impact test FMVSS 214 the rollover compliance test regulation would
be a two part test. The first part would assess the static structural performance of the roof structure. The second
part would require validation in the form of a dynamic test of the performance of the roof structure, restraints,
and occupant compartment interior in order to reduce the probability of an injury in a rollover. The proposed
real-world rollover protocol outlined in Table 1 is associated with the most common serious injury rollovers and
is explained in further detail in ICrash paper ICR-14-33.

The dynamic tests performed on the five vehicles outlined above shows the importance of validating the roof
structure and seatbelt performance in a dynamic test environment. Furthermore, using only the static roof
strength test and strength to weight ratio can be limiting when considering the relationship between headroom
and dynamic performance of the roof structure are not taken into account. Rollover crash safety measures
outlined in this paper can be expanded on by using a dynamic test for development primary restraints and roll
activated side curtain airbags with respect to near side occupants.
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