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ABSTRACT

Pedestrian disability and fatality as a consequehcar crashes is a large global
health problem. To introduce maximally effective-based countermeasures it is
important to understand which injuries are mostmwmm and from which car parts
they originate. It is also important to focus oa thost severe injuries resulting in
disability or death. The aim of this thesis wagef@re to determine priorities for and
evaluate the potential of car-mounted safety systesigned to mitigate severe
upper-body injuries (including disability and fatigl of pedestrians in car crashes.

Accident data was collected from two areas; sefA&li®3+) accidents in
Dresden/Hannover in Germany and fatal accidersvieden. For the surviving
pedestrians an estimate of long-term injury wasopered using accident data-
derived risk matrices of permanent injury. Ressittswed that 31% would sustain a
permanent impairment of some kind and 5% wouldagust more severe
impairment, where the head was most susceptildewvere impairment. The car
front frequently caused leg injuries, which is aed in current regulations.
However, current legal tests do not address thé comsmon upper-body injury
source, the windshield, which was found to be tmidating cause of head injuries.
Chest injuries, frequently caused by both the hrenaiwindshield areas in the severe
and fatal crashes in this thesis, are also unasiehien legal tests. Children are most
commonly head-injured from the hood area, whickddressed in current
regulations. Further, regulations do not fully ddas brain injury with the current
head test methods. Therefore, in this thesis fa@sson upper-body injury/source
combinations not addressed in the regulationsjsh#ite head-to-windshield area
and chest-to-hood/windshield areas, and the evafuat brain injury in hood and
windshield impacts.

Experimental head-to-hood component tests withediog brain simulations were
performed to evaluate the influence of the undedistance and head impact
speed. A hood designed to minimize linear headiggtd acceptable injury levels
was also found effective in reducing combined Iifregational brain loading.
Further, in full-scale car-to-pedestrian finiterent simulations both a braking and
deployable system alone proved efficient in redgitiead and chest loading, and an
integrated countermeasure of combining the twcesystproved to increase the
protection potential.

While current pedestrian countermeasures focue@héad-to-hood impact, this
thesis recommends extending countermeasures kovke part of the windshield
and the A-pillars, and adding brain and chest ynagsessment for both hood and
windshield areas to effectively minimize disablergd fatal injuries. Since head
impact location and head impact speed is depermdethie car design, the
introduction of full-scale simulations in the tes¢thods to determine impact
conditions for experimental component tests ismeoended. If the deployable
countermeasures are combined with autonomous lgrakien integrated system the
most effective system is achieved. Auto-brake systshould, in high speed
Impacts, aim to reduce speeds to where the segoodantermeasures can
effectively mitigate injury. Future pedestrian testthods should therefore evaluate
how primary and secondary countermeasures interact.
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LIST OF ABBREVIATIONS

AIS Abbreviated Injury Scale. See also Definitions.
CSDM Cumulative Strain Damage Measure

Cl 95% confidence interval

EEVC European Enhanced Vehicle-safety Committee
Euro NCAP European New Car Assessment Programme
FE Finite Element

GIDAS German In-Depth Accident Study

GTR Global Technical Regulation

HIC Head Injury Criterion

ISO International Organization for Standardization
MPV Multi Purpose Vehicle

ms Millisecond (1/1000 of a second)

NHTSA National Highway Traffic Safety Administratio
PCDS Pedestrian Crash Data Study

PMHS Post Mortem Human Subject

SIMon Simulated Injury Monitor

SUV Sports Utility Vehicle

TBI Traumatic Brain Injury

WAD Wrap Around Distance. See also Definitions.

WG Working Group



DEFINITIONS

50" percentile male  Average male, 50% of the male jadion is smaller.
95" percentile male Large male, 95% of the male pdjoulas smaller.

A-pillar The most forward car structure joining theod/fender area and
the roof. Also the side member of the windshietdfe. See also
Figure 1.

Abbreviated Injury Single injury ranking with a scale of 1 to 6 re@ating ‘threat to
Scale (AIS) life’ associated with a traumatic injury. 1=min@rkmoderate,
3=serious, 4=severe, 5=critical, 6=unsurvivable

Child In this thesis “children” are defined as pais 0 to 14 years of
age (less than 15 years).

Component test Test involving only one body pathefpedestrian.

Countermeasure Safety system or protection system.

Full-scale test Test involving full body of pedéstrand vehicle.

Hood Outer car structure protecting the engine @itngent. See also
Figure 1.

Integrated safety Combination of primary and seaondafety.

Primary safety Pre-crash safety or active safety.

Secondary safety In-crash safety or passive safety.

Senior In this thesis “seniors” are defined as@es$5 years and older.

Severe injury In this thesis defined as AIS3+ iigsiy “serious” and more
severe (including fatal), according to the AIS scal

Wrap around Measure from the ground surface up around theardoar to a

distance selected point. Used both to define boundarieste$tazone or

location of head impact. See Figure 1.

Hood

Wrap around __,_.I_- —_—
. = ——
distance &5

g

Figure 1. Wrap around distance, hood and A-pillar @finition (based on EEVC, 1998)






1 INTRODUCTION

It is estimated that every year more than oneanilleaths are caused by road traffic
injuries world-wide (Lopez et al., 2006), and irD20oad traffic injuries were
estimated to be the ninth leading cause of deatbadily (WHO, 2008). Road traffic
accident deaths are estimated to almost doubl®8§, 2nd are estimated to be the
fifth leading cause of death in 2030 (WHO, 2008)ddy pedestrians account for about
12% of all road fatalities in the US, 15% in westBurope (EU-1%4 19% for EU-19)
and 33% in Japan (EC, 2010a, IRTAD, 2009, NHTSA&0See comparison
including examples of two extreme countries, SweatghMexico, in Table 1. In low-
income countries, pedestrians account for larggpgtions, for example 55% for parts
of Africa (Naci et al., 2009). The high frequendypedestrian fatalities in emerging
countries leads to the fact that pedestrians mplelarge proportion of global traffic
fatalities. Naci et al. (2009) estimated that pathiess account for more than 400 000
fatalities world-wide yearly. The high pedestriatedity proportion in emerging
countries can be due to the design of the road-stiucture and greater exposure to
pedestrians. When countries develop, less peopleonvaycle and start using cars.
This decrease in pedestrian transport is not oogjtige in a public health perspective.
It can also lead to other health problems, suavaswveight (Bassett et al., 2008). It is
also uncertain whether the actual numbers of pedestkilled decrease when
countries motorize. The US is considered a coumtity a low frequency of pedestrian
fatalities. The pedestrian fatality proportion #hes low compared internationally,
usually explained by the fact that people walk lagbhe US. However, if you calculate
pedestrian fatalities as a percentage of the popnjaVestern Europe has a lower
incidence rate than the US (see Table 1).

Table 1. Pedestrians killed in traffic accidents irR007 (Mexico in 2000) (Sources: EC, 2010a,
Hijar et al., 2003, IRTAD, 2009, Naci et al., 2000HTSA, 2008, WHO, 2008)

Proportion of all traffic fatalities  Killed per D000 population

USA 12% 1.55
Western Europe 15% 1.15
Japan 33% 1.73
Mexico (2000) 54% 9.5
Sweden 12% 0.61
Global estimate ~35% ~6.6

4 EU-14 includes most western European EU coungiesept Germany (incl. Belgium,

Denmark, Greece, Spain, France, Ireland, Italyelmixourg, Netherlands, Austria, Portugal, Finland,
Sweden, United Kingdom), EU-19=EU-14+ Czech Repulistonia, Hungary, Malta, Poland.



Further, a study of Chinese accident data showadtbyclists and pedestrians had the
highest disability incidence rate of road users(€tal., 2008). In a Swedish study
more than 50% of injured pedestrians sustainedterg consequences (Falkenberg,
2008). There is a need to study the problem ofgigda casualties in traffic and how
they can be mitigated. This thesis aims to studiepiian accidents focusing on
vehicle and pedestrian interaction, and how thécieeban be designed to minimize

pedestrian casualties.



2 BACKGROUND

The following chapter is based on available pe@gstccident and experimental
research predominantly based on the traffic stinah Europe, the US and Japan. This
leads to the focus of this thesis on the pedestisahe most frequently injured
vulnerable road user and the passenger car asthieating impacting vehicle. Thus
far, detailed accident investigations and databaserot available for emerging
countries. We know that vehicle distribution diffén many countries, with more light
trucks and buses (Mohan, 2002), and many couratiseshave a larger proportion of
other unprotected road users.

2.1 THE ROAD, VEHICLE AND ROAD USER

Three factors are important to fully understandadrtraffic accident. The

environment, the vehicle and the road user allrgmrte to accidents and determine
their outcome (Haddon, 1980). Further, the accidantbe divided into three parts on a
time-scale; pre-, in- and post-crash. In each eddttime events, the road, vehicle and
road user are more or less influential factors irtgsa to consider.

The pre-crash phase describes the sequence legringhe accident. In this phase the
road design, weather, lighting conditions, vehadadition, the pedestrian and driver
behavior all interact, and if one or more of thpaemeters are faulty or unfavorable a
dangerous situation can emerge. If the risk parnsi@re not minimized the dangerous
situation can lead to an accident. Examples of pmant design could be sight
obstructions or lack of safe pedestrian crossiRgsr vehicle brakes or lack of stability
control (ESC; electronic stability control) are eyaes of vehicle factors. Distraction

or alcohol intoxication of the driver or pedestriare road user factors that can
contribute to risky situations. When the accideninavoidable the vehicle impacts the
pedestrian and the accident proceeds to the if-ptzesse. During this phase vehicle
design and speed are examples of vehicle-influgrfeictors, while pedestrian
vulnerability is an influencing factor for the roader and surface rigidity for the road.
Finally, in the post-crash phase rapid, emergenoy can influence the outcome of
pedestrian injuries.

This thesis will focus mainly on the road user gestdan) and the vehicle in the in-
crash phase, that is, secondary safety, but wil, & some extent, study the influence
of vehicle behavior in the pre-crash phase, théaccprimary safety. The post-crash
phase will not be studied.

2.2 THE ACCIDENT

2.2.1 Influencing factors

In a vehicle-to-pedestrian accident the pedesisiamost commonly impacted from the
side by the vehicle front (Okamoto et al., 2003p¢aal., 2007, Yao et al., 2008), the
typical accident situation being a pedestrian @ngss street. Passenger vehicles make
up the largest proportion of vehicles involved @dpstrian accidents (SIKA, 2009). In

3



Europe the most common passenger vehicle frontisyie sedan type with a low
front and a relatively horizontal hood surfacethie US the sports utility vehicle type
(SUV), with a higher front but similar hood and w#hield design as the sedan, is a
common vehicle type involved in pedestrian accislébbnghitano et al., 2005). An
emerging vehicle type is the multi-purpose veh{B&V) with a low front similar to
sedan vehicles, but with a more inclined and aftesrter hood surface and with a
windshield angle similar to the hood surface angle.

Vehicle speed is an important factor influencing dlutcome of the accident. Rosén
and Sander (2009) presented an injury risk curgerdeng the relationship between
vehicle impact speed and risk for fatal outcometierpedestrian in a vehicle frontal
impact. This was based on 490 accidents representatGermany. The study showed
that the risk for fatal outcome in a 50 km/h impaes twice as high as an impact at 40
km/h and 5 times higher than an impact at 30 kinth¢ating the importance of impact
speed to determine outcome. Richards (2010) shidveeshme trend in the UK with a
strong risk and speed correlation. The impact speedluenced by the traveling speed
and amount of pre-crash braking. By braking, anmdact can be avoided or the impact
speed largely reduced. One study reported thataioriy or braking of less than 0.6 g
was performed in about 50% of the accident casaar{blvald and Kauer, 2004).

Older pedestrians are over-represented in sevdriatal pedestrian crashes with a
higher injury and fatality risk (Henary et al., Z)@oo and Tsui, 2009, Rosén and
Sander, 2009). Henary et al. found in 552 US veHkiipedestrian accidents that
pedestrians 60 years or older had an almost tHdgefgher mortality rate compared to
adults 19-50 years old. Loo and Tsui found, inualgiof 4290 accidents in Hong Kong,
a 3.6 times higher mortality rate for pedestrighy@ars or older compared to 15-64-
year-old pedestrians. Rosén and Sander (2009)nteelse pedestrian injury risk
function where they concluded that age, along gied, were the two most important
parameters for risk of fatal outcome. The risk fiorcwas used to extract risk
functions for different ages, compared to averafydts, in Figure 2. Males are reported
as more frequently involved in pedestrian crashesno gender difference has been
found for the fatality risk (Rosén and Sander, 2@0tang et al., 2008).

100%

90% | ——85 years
80% | ——65 years
70% Adults (>15 yrs)

60% -
50% -
40% -
30% -
20% -
10% -
0% T 1 ‘ T T
0 20 40 60 80 100 120

Fatal risk

Impact speed (km/h)

Figure 2. Fatality risk as a function of impact sped for different ages of pedestrians (based on
data from Rosén and Sander (2009))
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2.2.2 Injuries and injury sources

The most common method of defining the severitypiries in traffic safety is the
Abbreviated Injury Scale (AlIS) with a scale fronol6, where 1 denotes a minor, 2 a
moderate, 3 serious, 4 severe, 5 critical and Gmanx injury (AAAM, 2001, AAAM,
2005). The scale mainly predicts the risk of desatth is not intended to predict the risk
of disabling or long-term injuries. Most databasekect injury data shortly after the
accident making AIS a suitable measure, while theéysof long-term injury outcome
requires larger resources and are seldom perforvhaldh et al. (2008) developed
matrices of risk for permanent medical impairm@&m®R§I) for different levels of
impairment. It was based on long-term injury outedor car occupants in traffic
accidents, and risk was estimated for separate tegigns based on the AIS level.
With these matrices it is possible to estimateittieof long term injury for a specific
injury; e.g. an AIS 3 head injury is estimateddad to a 1% impairment (lowest level)
in 50% of cases (50% risk), while a thorax AIS j8iiy has only a 4% risk.

When including all injury severities the most irgdrbody region in pedestrian-to-car
impacts is the lower extremities, followed by tipper extremities and head (Roudsari
et al., 2005). When focusing on more serious cestead and chest injury become
more common while the proportion of leg and arrampdecreases. For serious and
more severe (AIS3+) injuries, US studies showtthahead is the most frequently
injured body part followed by the lower extremitaa®d torso (Longhitano et al., 2005,
Zhang et al., 2008), while Japanese data showshiddwer extremities remain the
most injured (Maki et al., 2003b). Studies of fatetidents show that head trauma is
the dominant single cause of fatal injury followsdchest trauma (Ehrlich et al., 2009,
Maki et al., 2003b). Falkenberg (2008) showed, 8weedish study, in a follow-up 1.5-
6 years after the accident, that a majority of peans seeking medical care after a
car-to-pedestrian impact still suffered from theseguences at least 1% years after the
accident.

Real world data shows that head injuries in pe@@séiccidents can be caused by linear
or rotational loading or a combination of the twarégui-Dalmases, 2006). While

only linear loading is used in current crash tasts regulations (see later section),
rotational loading is an important contributingttadn brain injury outcome in traffic
accidents (DiMasi et al., 1995, Gennarelli, 198%mson et al., 2001), and since brain
injuries are common in pedestrian crashes (Bocklawld Schneider, 2003, Otte, 1999)
one can expect rotational loading to be an impodantributing factor even in
pedestrian crashes. Arregui-Dalmases (2006) ardlljz8 US pedestrian crashes and
concluded that in a majority of cases head injuag waused by combined linear and
angular loading.

Compared with car occupants car impact locatioasrare widespread for
pedestrians, impacting different structures dependn body height and impact speed.
Some studies have investigated the frequency ofteehjury sources in car-to-
pedestrian crashes. The vehicle front, especiayoumper, is responsible for a
majority of pedestrian injuries when studying ajury levels (Roudsari et al., 2005).
When concentrating on more serious crashes, thashield area becomes more



frequent an injury source. Both German (GIDA&hd US (PCD% data indicate that
the hood is the major source of child head injirgydsari et al., 2005, Yao et al.,
2007), and that the windshield area is the majorcgof head injury for both moderate
and more severe injuries (Longhitano et al., 2@¥amoto et al., 2003, Yao et al.,
2008). Longhitano (2005) reported on the AIS3+magistribution and their vehicle
sources, using the US PCDS data. It is importanbte that while GIDAS is an
ongoing activity, the PCDS data was collected betw994 and 1998, and is thereby
based on older vehicles. For cars the head-to-Wialdsimpact was the most common
of all injury/source combinations, followed by lomextremity-to-bumper. For the
LTV vehicle type (light trucks and vans; to a grestient sports utility vehicles (SUV)
and pickup trucks), the head-to-hood and torsostmdredge were the most common
injury/source combinations.

The ground has been concluded to be a minor iigjomyce compared to the vehicle.
Studies using German and US representative dataadstthe ground as the injury
source at 17 to 31% (Liers, 2009, Otte and Pohlen001, Zhang et al., 2008).
Further, data by Roudsari et al. (2005) indicates injuries associated with ground
impact result in lower severity levels than injgr{&rom the same body regions)
associated to car sources.

Although several studies have reported on sevetegbgan injuries and their car
sources, they are either based on older car desigosused on one body region. No
recent study was found that systematically investid all severe (including fatal or
disabling) injuries and their car sources. Studgd a Preliminary study presented in
this thesis address these issues.

2.3 KINEMATICS

In a typical car-to-pedestrian crash, the bumpeaicts the pedestrian's leg first with a
subsequent impact by the hood's leading edge tihitji® pelvis or chest region
depending on vehicle and pedestrian size, follomethe pedestrian’'s upper body
bending and rotating toward the hood surface witibeax and shoulder impact to the
hood or windshield, and the head impacting the lavagindshield surface (see Figure
3). In the subsequent motion the pedestrian isechiy the vehicle and most
frequently falls to the ground in front of the velbi A pedestrian motion over the roof
top with the pedestrian landing behind the cansommon and related to high crash
speeds (Roudsari et al., 2005).

A pedestrian body versus hood sliding effect igleésin pedestrian tests with sedan-
type cars. The pelvis slides up onto the hood serddter the impact of the thigh to the

®> German In-Depth Accident Study; accident in-defattabase collecting on-site information from all
traffic accidents with personal injury around Dreiséind Hannover in Germany. From 1999 and on-
going. Collects around 2000 crashes per year, ahndpproximately 400 are pedestrian crashes.

® pedestrian Crash Data Study; implemented by thE¥-as part of the Crashworthiness Data System
for the years 1994 to 1998 to collect detailedltrasonstruction data on pedestrian crashes. @antai
552 pedestrian crashes.



hood leading edge. In twelve PMHS (post mortem husudbject) tests performed,
with three sedan-type cars and small to tall pedest (154-187 cm), the wrap around
distance (WAD) to head impact was between 60-540gmeater than the pedestrian
stature in each test (Kerrigan et al., 2009, Karrigt al., 2007, Subit et al., 2008). This
is related to sliding motions of similar distandassimilar tests with SUVs (two tests
with tall pedestrians), with a higher hood leadiulge, the sliding effect was less
pronounced, with an 85-90 mm difference in WADtetwre (Kerrigan et al., 2009). In
two tests with a small compact car a smaller WA&est difference was also
measured; 20-80 mm for a short and tall subjedbi{®t al., 2008). This indicates a
higher WAD-to-head impact in collisions with sedgipe cars compared to collisions
at same impact speed with vehicles with highertfemds such as SUVs, or in vehicles
with a more vertically inclined hood surface asimall compact cars.

B @ @ @

Figure 3. Pedestrian (PMHS) impact to car at 40 kni (Kerrigan et al., 2007)

Accident data can also be used to investigatelitting effect. Fredriksson and Rosén
(2010) used German (GIDAS) accident data to dexikead impact WAD equation,
where WAD depended on pedestrian stature and gacinspeed. Using their equation
to calculate the sliding effect (head impact WADGdy height) for three body heights,
the following dependence on impact speed couldebeet], see Figure 4.
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Figure 4. Difference (in mm) between head impact WB and body height (stature) as a function
of car impact speed (“sliding”) for three pedestrian body heights (based on accident data from
Fredriksson and Rosén (2010))



Head impact speed relative to the car can be bgttehand lower than the initial car
impact speed. Kerrigan et al. reported, in ten PNB$% with sedan-type cars, head
impact velocities ranging from 68%-130% of the ioapact speed (Kerrigan et al.,
2009, Kerrigan et al., 2008). There seems to beral that a higher impact velocity
ratio is recorded when the head impact is to timelshield compared to the hood.
Three of Kerrigan's tests with shorter pedestriassilted in head to hood impact and
their ratios ranged from 72%-90% while the sevemdsiield impacts ranged from
67%-130% with five of the seven cases above 1008&slgh et al. (2007) reported in
four PMHS tests to two different sedan-type caesdiear velocity ratios ranging from
94% to 146%, all head impacts to the windshield.

Head impact times are dependent on car type, pegestature and impact speed.
Kerrigan et al. and Subit et al. reported, in theglve tests with sedan-type cars at 40
km/h, head impact times ranging from 107-151 mmiffiost car-to-pedestrian impact,
with the shorter times for shorter pedestriansr BV tests have been performed
with differing stature adult PMHS to measure heagact time (Kerrigan et al., 2009,
Schroeder et al., 2008). The head impact timesecgfrgm 90-116 ms. Subit et al.
(2008) performed two tests with a small compactcar reported impact times of 91-
94 ms for one short and one tall adult PMHS.

The influence of braking on kinematics has not b&tadied in detail. The changed
impact location due to vehicle pitch and speed gbaould be important parameters to
include. Such an analysis is better performed udatgiled numerical pedestrian
models where repeatability is controlled. Thisasfprmed in Study Ill.

2.4 TEST METHODS

2.4.1 Testtools

2.4.1.1 Full-body dummies and models

As early as the 1980’s pedestrian specific tesicdewvere developed. Aldman et al.
(1985b) developed a rotationally symmetrical patesdummy (Figure 5). In the

early 2000’s Autoliv and Chalmers University deyed pedestrian dummies in adult
and child sizes. The adult dummy, &"F@rcentile adult male, was based on existing
frontal and side impact dummy parts with new pdetsigned for the lumbar spine and
knee joints (Bjorklund and Zheng, 2001). The chilsnmy, equivalent to a 6-year-old
child in size and weight, was based on a Hybridllitlnmy with a redesigned neck,
lumbar spine and knees (Renaud and Tapia, 2004udezt al., 2005). Both dummies
were tested at three different impact speeds aadavtypes and were compared to the
Chalmers Madymo pedestrian model (Yang and LovsL®@l7). The intention of these
dummies was limited to study kinematics, not injasgessment. Honda and Gesac
developed the Polar dummy, based on the Thor du(Akiyama et al., 2001,

Akiyama et al., 1999). The Polar dummy was a mdk@aaced pedestrian dummy,
designed for both kinematic and injury assessnidm@.most important features were a
flexible lower spine, deformable knee structuretuding ligaments, a deformable tibia
with properties including fracture, and the Polardrsion was validated against PMHS
tests (Kerrigan et al., 2005a, Kerrigan et al.,.52)0rhe SAE pedestrian dummy task



group developed a performance specification farduit pedestrian dummy (SAE,
2009). The performance specification was basedwid$tests using a mid-sized
sedan and compared to the existing Polar Il dunmayreport by SAE (2008). The
Polar dummy is still under development, where nesperties and injury assessment
are under consideration (Akiyama et al., 2009, Qkaret al., 2009, Takahashi et al.,
2009).

Figure 5. Pedestrian dummies (from left): Aldman egl. rotationally symmetric,
Autoliv/Chalmers child and adult dummies, Polar I

Numerical simulation is a good tool for reducingelepment costs, when nowadays
even full-scale crash tests can be performed neaillgti An advantage of simulations
compared to physical tests is that the repeataisbue is eliminated. Scaling to
different dummy sizes is more easily performed tihgshysical dummies. However,
this requires a significant development effortdfiincluded parts and an additionally
detailed validation of all parts. Moreover, whend®als reach high detail level, high
computer power is required. The Polar Il was dgyedoin a numerically finite element
version by Shin et al. (2006). A finite element rabaof the Autoliv-Chalmers adult
dummy was developed by Yao et al. (2011). Toyoteldped a human body model,
Thums, which was also presented in a pedestriamovefMaeno and Hasegawa, 2001,
Snedeker et al., 2003, Snedeker et al., 2005).aAtmd numerical Polar Il has been
validated, the Thums model is still in progress.eWhuman body models are further
developed, injury can be studied directly (e.gfmdtzture rather than chest deflection),
and different properties can be set if studyinggfample, the influence of age.

2.4.1.2 Component test tools

Pedestrian dummies are appropriate tools for relsgamposes, but are not optimal for
legislative purposes. To use pedestrian dummidedislative testing, a large range of
sizes with small size increments would be necedsaagsess all impact locations of a
vehicle front, since the injury response is sevesitd impact location in pedestrian
impact. Further, the long duration, pedestrian ichpaent makes repeatability
challenging. EEVC concluded this in their WG10 &#&17 reports (EEVC, 1994,
EEVC, 1998), in which they proposed impactor testhods. They proposed a lower
legform to represent lower extremity-to-bumper igtpan upper legform for the thigh
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and pelvis-impact to the hood leading edge, artuld 2.5 kg and an adult 4.8 kg
headform for the head-to-hood impact. The lowefoleg measures knee bending and
shearing and upper tibia acceleration. The uppggoilm measures the contact force
and bending moment and the headform measures &oealeration in three directions
at the headform's centre of gravity. The headf@ragotationally symmetrical thus not
allowing rotational motion other than frictionah& 1ISO working group 2 developed
specifications for a 3.5 kg child and a 4.5 kg adabkdform (1SO, 2006, ISO, 2007). A
new legform, FlexPLI (Flexible Pedestrian Legfommplactor), has been developed in
Japan (Konosu and Tanahashi, 2003). In contraset@/G17 legform it has a flexible
tibia and femur measuring ligament elongation @nd-bending moment, and has a
knee design which allows new tests without pariaegment. See Figure 6 for
component test methods.

Figure 6. Component test methods

Several finite element head and brain models haea developed to estimate brain
injury (Kleiven, 2006, Marjoux et al., 2008, Zhaeal., 2001). They are either used to
study head impact to a numerical vehicle modetaorbe used with kinematic output
from experimental tests. In the latter alternasikell fractures cannot be studied. The
skull is then considered rigid and the head mdtiom the experimental tests is
induced to the skull of the model. These model&tetailed representation of the
head and brain in common. The Wayne State UniygigiSU) human head FE model
for example features fine anatomical details ofttead and brain and is made up of
over 315 000 elements (Zhang et al., 2001). Toaedomputation time and enable a
tool to be used on regular personal computersSkii®n model was developed by
NHTSA (Takhounts et al., 2008). It is a less dethiinite element head and brain
model which can estimate different types of brajary. It has the potential to assess
brain injury criteria in conjunction with regularash tests.

Both full-body models and component test toolsvataable in evaluating the safety
potential of countermeasures. The component telst bave good repeatability and can
be used to study the detailed design of, for exanpg@ployable hoods or airbags. Full-
body models on the other hand are good tools fdergtanding the complex pedestrian
impact (e.g. the interaction between shoulder aadlimpact), as well as the potential
of countermeasures in more real-life conditionsgf@ample the interaction of a
deployable hood and windshield airbag as well as thteraction with auto-brake
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systems. Human body models can be used to study inj greater detail. The
component test tools for head testing can be fudéeeloped to include assessment of
brain injury. The Polar dummy requires further sttmldevelop injury criteria for the
thorax, and human body models still need furtheeligment and validation.

2.4.2 Regulations and consumer tests

Regulations and consumer tests play a more imgqgyéahin pedestrian protection than
in occupant protection. Investing in a safe vehiakh regard to occupant protection is
more in the interest of the car buyer. The strivohgar manufacturers to perform well
in car safety consumer tests has led to a rapidldement of safety systems and
improved safety for car occupants during the 20808 pedestrians, on the other hand,
pedestrian regulations and consumer tests whegetestrian rating is included in the
overall rating of the car, is a necessity for teeelopment of new safety systems and
their introduction in production cars.

In 2005 the first legal requirements for pedestgestection were introduced in both
Europe and Japan. The EEVC WG 17 impactors andnetstods were adopted by the
European directive (EC, 2003). The lower legfordaisiched horizontally towards the
vehicle bumper at 40 km/h (see Figure 6). Requirgsneere set for tibia acceleration
as well as knee bending and shearing. For higbat-&nd vehicles, the upper legform
is used in a vertical orientation to assess bump@dgormance, using requirements of
force and bending moment. The upper legform forfrivet hood edge is used only for
monitoring purposes where the impactor mass, imgragie and speed is dependent on
vehicle geometry. The child and adult headforrrstast performed at the front and
rear sections of the hood area, respectively, ahted by the wrap around distance
(WAD) but limited to the hood area. The windshiatda is excluded while for small
vehicles the child area may include the entire hamed. EEVC WGL17 (the report on
which the directive is based) concluded, for thedshield area, that“considerable
number of head injuries is caused by the windscogekpillars..” and “proposes to

perform further research in this field and not hezlude these areas already in the test
method% (EEVC, 1998).Injury is assessed by the head injury criterio@4lThe
headform impact speed in the directive was redte8&8 km/h, which was argued to
reflect a car impact speed of 40 km/h. The WG1edas conclusions on AlS2+
injuries and, to a limited extent, AIS3+ injuries.

The Japanese directive includes the head-to-hat&ldaly, using the headforms
developed by ISO. The impact angles are differ@mhfthe European directive and
depend additionally on vehicle geometry, dividetd tlree vehicle categories. The
headform impact speed is 32 km/h, lower than thefiaan directive.

A second phase of the European directive was intediin 2009 (EC, 2009). It was
basically harmonized with global technical regulasi (see following section). The two
headforms, of 2.5 and 4.8 kg, were replaced by3fechild headform of 3.5 kg. The
injury criteria were raised to a slightly highevéé Further, a requirement of equipping
the vehicle with a brake-assist system, to adsastltiver to brake optimally, was
introduced.

In 2009 a global technical regulation (GTR) to hanme pedestrian protection was
introduced (UN, 2009). It was almost identicallte second phase of the EC
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regulation, with legform-to-bumper and headfornhtmd tests based on a crash speed
of 40 km/h, but did not require brake assist awtlioled the possibility of raising the
upper vehicle mass limit to 4.5 tons if so decidgdhe individual country. The EU
regulation is limited to 2.5 tons. Further, the GlRns to adopt the FlexPLI legform to
replace the WG17 legform used by the EC regulatmmhas an intermediate solution in
the GTR. In the early phase of the GTR developrtienintention was to include the
windshield area, but this part of the test was resdalue to feasibility issues. It was
considered unfeasible to design a pedestrian-figemtidshield frame while meeting
other vehicle stability requirements. Further, @swconcluded that the glass impact
caused a spread in the test results for identiralshields but that this was not yet
fully understood (UN, 2009). In addition, the GTiRIudes a test method for
deployable hood systems. Part of this test meted numerical pedestrian models, a
new method to assess pedestrian protection inudaten. The GTR was based on
AIS2+ pedestrian injuries.

In 1997 the European consumer organization Euro Ri@#&oduced pedestrian
protection assessment of the most sold vehiclEsiiope. They adopted the EEVC
WG17 impactors and test methods, including the tdagform, upper legform and
child and adult headforms. In contrast to legabtdsey did not limit the headform tests
to the hood area, but included the windshield toveaWAD of 2100 mm. They also
retained the headform test speed of 40 km/h (E@AM 2011). The pedestrian rating
of the car was initially excluded from the overalling of the car. In 2009 Euro NCAP
changed their assessment protocol to include peteprotection in the overall rating
(Euro NCAP, 2009), which has led to a rapid develept of the secondary (passive)
protection of cars. They have also launched an aided NCAP” assessment where
primary safety systems such as autonomous braystgras for pedestrians are
awarded.

The regulations and consumer pedestrian testsliemredriving forces in the
introduction of pedestrian safety measures, sugedsstrian bumpers and hoods in
production cars. The question is whether thesdagguas and consumer tests are
focusing on the right vehicle and body regionsfteatively mitigate pedestrian
injuries and fatalities. Furthermore, no regulatorconsumer test considers injuries
leading to permanent disability. These issueshwilinvestigated in Study | and in a
Preliminary study in this thesis.

2.4.3 Injury criteria

Knee bending and shearing and upper tibia accielerate assessed as injury
parameters in legal and consumer tests. The comgaste have the strictest
requirements with a maximum of 15 degrees bend@imym shearing and 150 g
acceleration, assessing knee ligament injury doial fiiacture. The upper legform force
and bending moment is assessed as injury parametssumer tests to consider
thigh and pelvic injury. Euro NCAP levels have beehat 5 kN and 300 Nm.

The head injury criterion, HI, is used for head injury assessment in both pealest
regulations and consumer tests. HIC is calculated the head's centre-of-gravity
resultant linear acceleration. It was shown by &itasd Mertz (1985) that an impact

of 15 ms or less was critical in skull fracturesl @oncussions. The HIC is a measure of
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head injury severity which includes the effectitd head's linear acceleration and
duration of acceleration. A higher acceleration lsarolerated for a short duration and
vice versa for a longer duration. The duration ssse is maximized at 15 ms in
pedestrian test applications.

An HIC of 1000 is assumed to equal the risk ofreoes or more severe (AlS3+) head
injury of 53% (NHTSA, 1995). Since the scale is lnear, a reduction of HIC to 500
reduces the risk to 13%. The HIC level of 1000 elassen as a threshold level for both
legal regulations and consumer tests, while an piemzone has been allowed for a
smaller part of the hood area in the European atigul One third of the hood area is
then allowed an HIC value of up to 1700 equalimglaof 94% for AIS3+ head injury.
As the HIC criterion is based on linear acceleratiags limited to assessing skull
fractures and those brain injuries possibly caliselchear loading. There are several
criteria proposed for brain injuries that take tiotzal loading into account. The
cumulative strain damage measure (CSDM), relativkam damage measure
(RMDM), and dilatational damage measure (DDM) afery criteria for assessing the
risk of diffuse axonal injuries (DAIs), acute subalthematoma, and contusions/focal
lesions respectively. Takhounts et al. (2008) aghedl that CSDM and maximum
principal strain correlated with brain injuriesanimal tests. The CSDM measures the
cumulative fraction of elements in the brain reagha given strain level during an
impact event.

While HIC is the dominating criterion, in counterasare development, of assessing
head injury and has proven a robust and succdssiub minimize head injury, it does
not consider all types of head and brain injufi&stational loading is important when
studying pedestrian head impact. CSDM is then didate, used in conjunction with
numerical brain models. Study I-11l will investigathese issues from different
perspectives. Injury criteria for pedestrian cliegtact, or assessment of the disability
risk have not been considered.

2.5 COUNTERMEASURES

When the very first automobiles were introducethan1800s a law was passed in the
UK stating that'...self-propelled vehicles on public roads must ilze@ded by a man
on foot waving a red flag and blowing a horithe red flag law was not repealed until
1896. Hood ornaments were frequent in cars upagd #0s but were voluntarily
removed (or re-designed to yield) by car manufactuin the 1970s research on
pedestrian protection in cars began to intensifgodHsystems with a greater
deformation distance between the engine and hooel suggested to avoid pedestrian
contact with the rigid under-hood components. Teaiof a deployable hood to
increase the energy absorption distance in thet @f@ncrash was presented in 1978
(Volkswagen, 1978). Further, Appel (1977) showgedestrian protection airbag for
the lower windshield as early as 1977. Aldman .ef1@85a) presented the idea of
reducing the knee load by either lowering the buropéntroducing a second lower
bumper impacting the tibia. The idea was to saerifne tibia arguing that a tibia
fracture was easier to heal than a knee injury.

None or very few of these countermeasures weredated in production cars. As
discussed previously it was considered difficultémvince car customers to pay extra
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for safety for other than car occupants. It wasumdit 2005 with the introduction of
pedestrian regulations that development gained mtumeand increased even further
in 2009 when Euro NCAP included the pedestrianitetste overall rating of the car. In
the following sections more detail will be presentegarding recent secondary and
primary safety systems.

2.5.1 Secondary (passive) safety systems

Secondary safety systems have been developedefeeticle front, focusing on the
bumper, hood edge, hood and windshield areas.

In recent years a rapid development in car bumegigd has been seen. While the
average car scored low in the legform-to-bumpente2004 most cars were rated
“green” (full score) in Euro NCAP tests in 2009.€llbumpers were redesigned with
solutions such as thicker foam and an extra lotiféerser below the bumper to reduce
loading of the knee which typically impacts at b@mpeight for an average adult. The
lower stiffener impacts the tibia which, if fracdak, is easier to heal than the knee.
Airbag solutions have also been proposed to dig&iand reduce the load on the lower
extremities (Pipkorn et al., 2007) and headliglaigenbeen redesigned to be more
energy absorbent (Lucas, 2000). Modern cars havera aerodynamic design leading
to a lower, less protruding, front hood edge witbveer risk of pelvis and thigh
injuries. To mitigate thorax injuries to the hoatfje in impacts to vehicles with higher
front ends, such as sports utility vehicles (SUAN) airbag was proposed for the front
hood edge (Fredriksson et al., 2007). The hoodgsvamd wiper engines have also
been passively redesigned to improve energy alisorfigelingardi et al., 2009, Han
and Lee, 2003).

Even if the hood surface design is optimized fargy absorption there may not be a
sufficient deformation distance available to ungiag parts in the engine
compartment. It has been theoretically and expettatlg proven that deformation
distances of 60-70 mm can be sufficient to achiéie values below 1000 (Okamoto
et al., 1994, Zellmer and Glaeser, 1994). A sotutay this is to lift the hood in case of
pedestrian impact. Active hoods, pop-up hoods plogable hoods are different names
for the concept of lifting the hood surface, uspll actuators in the rear corners of the
hood (Fredriksson et al., 2001, Nagatomi et aD52@h et al., 2008). These systems
are currently in production in vehicles from Jag@itroén, Honda, BMW, Mercedes-
Benz, Cadillac, Nissan and Porsche. They lift #8 hood part between 50 and 120
mm to enable energy absorption of the head impaeepting a second “bottoming
out” impact to structures underneath the hooderetigine compartment. Fredriksson
et al. (2009) showed, in a combined experimentdifanite element study, that an
under-hood distance of 100 mm reduced both slagtdre-related and brain-related
injury criteria to acceptable levels in 40 km/h difeam impacts. The same study with
dummy tests using Polar Il and a real vehicle slaoaviarge reduction in head loading
by a deployable hood system compared to a stahdadl For deployable hoods to be
activated in accidents they are connected to asansl an actuator, which must make
the decision and perform the lifting motion witla@rshort time period. Dummy tests
and simulations have shown that the deployed hood $tandard sedan-type
passenger car must be in position within less @ams after the first leg impact to the
front of the car at a crash speed of 40 km/h. Retdawer part of the windshield and the
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a-pillars, airbags have been proposed to enharategretection (Autoliv, 2002,
Autoliv, 2010, Crandall et al., 2002, Maki et 2003a). See Figure 7.
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Figure 7. Deployable hood and windshield airbag (Fedriksson et al., 2002, Autoliv, 2001)

While mitigation of leg injuries is quite well knawand implemented, only limited
solutions to protect the upper body have been imgfged thus far. The design
solutions implemented for the head are limitecheohood area, where a minority of
head injuries originates. No design solutions Haeen developed to mitigate chest
injury. When introducing secondary safety countersaees it is important to not only
design them for legal and consumer component tast$o also consider full-body
loading. Study IIl addresses this issue.

2.5.2 Primary (active) safety systems

Primary safety systems have been introduced terediild the driver in reducing speed
or automatically reduce the speed of the impaatargn a pedestrian crash. The “brake
assist” system in the brake pedal senses the lgrakiention of the driver and
automatically optimizes braking performance. Thekbrassist systems were mandated
in new vehicles in Europe in 2008. Infra-red systelatecting living creatures such as
animals or pedestrians and displaying the image sereen to the driver were
introduced in the early 2000s (Cadillac, Lexus) wede later followed by systems
which additionally warned the driver (BMW, Audi, Hda, Mercedes, Toyota). Since
brake-assist systems are dependent on driver dabgrnwere estimated to be activated
only in 50% of accidents (Hannawald and Kauer, 20045 then natural to develop

this system into an automatic system without drirearvention. A system was
introduced in 2009 that detected pedestrians antllyggpplied the brakes if no driver
action was noticed after a warning (Lexus, 201&cdrtly, an auto-brake system was
introduced that detects pedestrians and automgtaggblies full braking before an
imminent impact (VolvoCars, 2010). This system Ibasn claimed to be able to brake
to a full stop from 25 km/h and thereby completalpid low-speed pedestrian crashes.
At higher speeds, crash energy can be substantalliyced.
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Figure 8. Primary pedestrian safety systems; (drivedisplay of) pedestrian warning system (left),
auto-brake system detecting pedestrians at dangeright)

The pre-crash, or primary, safety measures anthttash, or secondary, safety
measures can be combined into integrated systatagrated pedestrian systems have
not been introduced in production cars. It is uaclghether an integrated system
would be more effective than a single primary sysseich as autonomous braking.
When developing an integrated system it is alseomapt to study how the two parts of
the system interact. This can be performed usilidpéudy impacts, and introducing
both primary and secondary countermeasures. Thigastigated in Study II.

2.5.3 Effectiveness / Potential of countermeasures

Studies have tried to estimate the effectivenegpedéstrian protection systems.
Lawrence et al. (2006) estimated the effectivenéssducing fatally and seriously
injured pedestrians, by introducing brake assstesys, to 10%. If the vehicle could
brake autonomously the effectiveness of the systeaid be increased. Rosén et al.
(2010) estimated that an auto-brake system, aetiviar all visible pedestrians within a
forward-looking angle of 40 degrees one second pionpact, would reduce fatalities
(when struck by car fronts) by 40% and seriousiyred by 27%.

It is unclear whether primary safety measures, sgdwutomatic braking, can be
enhanced by secondary safety measures. FredriagasoRosén (2010) studied 54
representative, severely head injured (AlS3+) peides in detail to estimate the
potential of theoretical primary and secondaryeystand the potential of combining
them into an integrated system. The primary safgtyem was assumed to brake (up to
0.6 g, depending on road friction) for all visilpledestrians one second prior to crash.
The secondary system consisted of a deployable $ystdm and a lower
windshield/A-pillar airbag covering up to 2.1 m WA8stimated to be fully effective
(when impacted) in avoiding AIS3+ injury up to 4@k and then have a linearly
decreasing effectiveness. The study concludedhbaiassive (secondary) system
could protect 34% of the severely head injured BA)Sand the active (primary) system
44%. If combining the systems into an integratestesy it protected a significantly
higher number, 64% of the pedestrians, from sefdf&3+) head injury. See Figure 9.
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Figure 9. Effectiveness of passive (secondary), st (primary) and integrated systems
(Fredriksson and Rosén, 2010)

Although the Fredriksson and Rosén study showemtdkieally that primary and
secondary systems complement each other to incieageotection potential, there is
a need to further study the potential of integratestems including information from
real tests or simulations with the countermeasures.

2.6 SUMMARY OF BACKGROUND

In a typical (western world) car-to-pedestrian deat, a walking pedestrian is

impacted on the side by a passenger car frontcdihbumper typically impacts the leg
first, followed by a thigh or pelvis impact to theod edge and the upper body
wrapping around the hood edge with a subsequeraxttamd head impact to the hood
and windshield areas. Naturally, head impact locas dependent on pedestrian height
but has also proven to be influenced by impactdped pedestrian height relative to
car front height, leading to different amounts pper body sliding on the hood surface.
Older pedestrians are overrepresented in moreesagerdents, while gender does not
influence the risk. Impact speed is highly influahon the injury outcome, since a
relatively small change in impact speed changesigkelramatically.

Although legal regulations concentrate on headegtmn from the hood area, several
studies suggest that other areas, such as thehagidlarea, may produce more injuries
in adults while children receive a majority of heagries from the hood area. The
existing head injury criterion considers lineardivg only. Several studies have shown
the need for head assessment criteria taking@atdtioading into account. Chest
injuries have been shown to be frequent, a bodgmetpt considered in any
requirement. Long-term disabling injuries have &lsen shown to be frequent for
pedestrians but need further study. To concludkejriticates that countermeasures for
the windshield area are necessary, and that baith-famd windshield-located
countermeasures should take chest loading andrbtditnal loading into account.

Component test tools have been developed for KagHiaper impact, pelvis-to-hood
edge impact and head-to-hood impact. With thein Inggpeatability and the possibility
of testing any impact point they are suitable tdotgegulation and consumer testing.
To provide better understanding of the complex alekio-pedestrian impact, dummies
and full-body models have been developed. Theyeamsed for example to study the
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interaction between chest impact and subsequedtitmgeact, and if countermeasures
work as intended. Detailed head and brain numemcalels have been developed to
evaluate brain injury.

Regulations and consumer tests have been introduncetdave recently led to a rapid
development and introduction of pedestrian courdasures. Primary systems to aid
the driver in braking, such as brake-assist, Wigibn and auto-brake systems, have
also been introduced to enhance pedestrian satat\focus of secondary (in-crash)
pedestrian protection systems to date has beesgqrdtection in bumper impact and
head protection in hood impact. Many new cars aypeoved leg protection
capability of the bumper and some improvements hésgebeen made to the hood
area. For both the bumper and hood areas pass$ii®ss with increased deformation
distance have been introduced. A few car models ho introduced deployable hood
systems to increase the deformation distance weded in a crash. While leg
protection has been implemented on a broad bapi®duction cars in a car location
from which most leg injuries originate, the upped¥ countermeasures implemented
thus far have been limited to address head injongsand in an area from where a
minority of these injuries originate.

There is a need to study severe accidents in neded tb understand the most frequent
upper body disabling and fatal injuries and thairsources, to prioritize secondary
countermeasure design and location addressingimasés and then to estimate the
potential of secondary countermeasures companedntary and integrated
countermeasures.
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3 AIMS

The general objective of this thesis was to deteerpriorities for and evaluate the
potential of car-based countermeasures designedigate severe upper-body injuries
and fatalities sustained by pedestrians in imgactsars. Furthermore, injuries leading
to medical impairment were considered.

Thus, the general objective was divided into thie¥ang aims:

* To use in-depth, real-world accident data to unctive most frequent
combinations of severely injured body regions dnair tcar sources and at
what impact speeds they occur most frequently d§Sku

* To evaluate the influence of pedestrian head img@aetd and under-hood
distance on head and brain loading, using a conmpdrased experimental
and computational approach. (Study II)

* To study the potential of primary (auto-brake),s®tary (deployable hood
and airbag), and integrated countermeasures résggcto reduce
pedestrian head and chest loading in full-scalelsitions using an
advanced pedestrian numerical dummy and genericlgghodels. (Study

1D

* To determine the most common body regions of padastsustaining
fatal injury and their car impact locations by sting) fatal crashes.
(Preliminary study)
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4 SUMMARY OF PAPERS

4.1 STUDY I: PRIORITIES OF PEDESTRIAN PROTECTION — A REAL-
LIFE STUDY OF SEVERE INJURIES AND CAR SOURCES

4.1.1 Method and Materials

The in-depth German database GIDAS was queriggedestrians struck by the front
of passenger cars or vans. This database collests ¢rom all traffic accidents where
at least one person has been injured (AIS1+) imeeéfareas around Dresden and
Hannover chosen to be representative of GermarseGaere included from 1999 to
2008 which resulted in 1030 cases of which these¥erely injured (AlIS3+) were
included in this study.

Injuries were divided into five body regions; hdactluding head and face), neck,
chest (including thorax, abdomen and spine), aupgdr extremities) and legs (lower
extremities including pelvis). Empirical distribois of impact speeds were derived for
body regions with sufficient numbers of AIS3+ ings (head, chest and leg) and
gamma distributions were used to fit the empirdisiributions of impact speed. Risk
functions for AIS3+ injuries to the head, chest lag$ were derived by weighted
logistic regression. In the risk estimation weiggtivas used according to Rosén and
Sander (2009). Long term injury outcome was esgahasing risk matrices, based on
AIS injury level and body region, developed by Madtral. (2008). This was
conducted for the levels of 1% and 10% permanerdicgakimpairment. Injury sources
were studied in detail for each case using postagpectures. For each AlIS3+ injured
body region the impact source was located in alstaized vehicle front graph.

4.1.2 Results

Of the 161 severely (AIS3+) injured pedestriangp=Ristained severe injuries to the
legs, 43% to the head, and 37% to the chest. Hahtkg injury seemed to be equally
frequent for different ages, while the chest seetodxet less frequently injured in the
children (0-14) and more frequently injured in gemiors (65+) (see Figure 10).

Of all surviving pedestrians 31% were estimatesligtain at least 1% impairment (the
lowest level of impairment), while 5% sustained thare severe impairment level of at
least 10% impairment. The leg was estimated astis frequently impaired body
region for the lower impairment level (1% or morfe)lowed by arm and head. For the
more severe impairments (10% or more), the headiveedominating body region.
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Figure 10. Body region AIS3+ injury distribution by age groups (95% confidence intervals)

The most frequent injury/source combinations wegetb-front end (sustained by 44%
of the pedestrians, Cl 36-52%) and head-to-windislaieea (26%, Cl 19-33%). Chest-
to-hood area occurred in 15% (10-21%) and chestrtdshield area in 13% (CI 8-
19%) of the cases. Typical impact speeds (correkpgro the maximum of the
incidence curve), also called modal value, wer&mb for head-to-windshield and
50-55 km/h for chest impacts to the hood and wirddlareas (see Figure 11 and
Figure 12). The risk of sustaining a severe inptrg car impact speed of 50 km/h was
13% (CI 9-18%) for the head and 11% (CI 8-15%tter chest.
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Figure 11.AIS3+ incidence and risk (95% CI) as functions of ar impact speed for chest (left)
and head (right)
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Figure 12.Impact speed distributions for most common injury/®urce combinations (head-to-
windshield and chest-to-hood)

A majority of the head injuries from the windshi@ica were caused by the structural
area (72%, Cl 55-85%). Accordingly, a minority veasised by the remaining glass
area. Sixty percent (Cl, 42-76%) of the pedestiead impacts were within a wrap
around distance (WAD) of 2100 mm (2.1 m) and 86% 7G-95%) within a WAD of
2300 mm.

4.2 STUDY II: INFLUENCE OF IMPACT SPEED ON HEAD AND BRAIN
INJURY OUTCOME IN VULNERABLE ROAD USER IMPACTS TO T HE
CAR HOOD

4.2.1 Method and Materials

The study consisted of two parts. The first parg egperimental headform component
tests to a car hood. The output from the experiai¢ests was used as input in
numerical simulations with a detailed finite elerlerain model.

4.2.1.1 Experimental tests

The headform tests were performed with two diffeferadforms. The EEVC WG17
adult headform was used to study linear loadinthehead, and the Hybrid 11l 50
percentile adult head was used to study inducedioatl loading (Figure 13). The
pedestrian headform is rotationally symmetric vaittircular shape which leads to the
normal force always acting through the head's ceftgravity. The Hybrid IIl head
has a human-like head shape which enables imp#btshe normal force offset to the
center of gravity which then induces rotation. Fybrid 11l head was equipped with a
12-accelerometer array to measure translationat@ational acceleration in six axes.

Both headforms were launched free-flying againstibod at varying impact speeds
and under-hood distances. The Hybrid Il head wasspt at an angle of 30 degrees
around the X (fore-aft longitudinal) axis, foundan earlier study to maximize rotation
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of the head (Fredriksson et al., 2009), so thatdpeside of the head contacted the
hood surface first (Figure 13).

0O ms 15 ms 30 ms 45 ms

onta
impactor — =

(b)

Figure 13. Test setup in: a) pedestrian headform #ts, b) Hybrid Il headform tests with induced
rotation (note: hood in vertical position)

4.2.1.2 Brain simulations

The Wayne State University Head Injury Model (WSWHI(Zhang et al., 2001) was
used to assess brain loading in the rotationa.téss a detailed head and brain injury
model consisting of over 315 000 elements with einatomical details (see Figure 14).
The experimental kinematic output (six axes lireat rotational acceleration) was
used as input to the WSUHIM model. Brain loadingwasessed using the cumulative
strain damage measure (CSDM). CSDM is a measurentiraitors the accumulated
volume of the brain (in %) that exceeds a giveaistievel, in this study 0.35 for mild
traumatic brain injury (TBI) and 0.5 strain for nawdte to severe TBI.
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Figure 14. Wayne State University Head Injury Model

4.2.2 Results

Under-hood distances of 60, 80 and 100 mm in 2@n8040 km/h head impact speed
respectively, resulted in HIC values below 800 andffected brain volume of less
than or around 2% for 0.35 strain. See Figure 180Anm increase in under-hood
distance was comparable to a 10 km/h impact spskattion regarding the influence
on head and brain impact loading, and if those nreasvere combined the head and

brain loading was further reduced.
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Figure 15. HIC;5 and CSDM, 35 influence of under-hood distance and impact speed
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4.3 STUDY Ill: POTENTIAL OF PEDESTRIAN PROTECTION S YSTEMS —
A PARAMETER STUDY USING FINITE ELEMENT MODELS OF
PEDESTRIAN DUMMY AND GENERIC PASSENGER VEHICLES

4.3.1 Method and Materials

This study used full-body finite element simulasamith the Polar 1l pedestrian
dummy model and generic sedan-type vehicle franssuidy the influence of
pedestrian countermeasures on head and chestdodtie@ countermeasures chosen
were (1), a primary (auto-brake) system, (2) aiséary deployable system and (3), an
integrated system. The automatic braking was mddejea 10 km/h pre-impact speed
reduction (equal to full braking in 0.3 s) and &ieke pitch of 1 degree and in-crash
deceleration of 1 g. The deployable system comsatt@ deployable hood, lifting 100
mm in the rear, and a lower windshield airbag. ihbegrated system combined the
primary and secondary system.

Three impact configurations were chosen using canhs about most common
configurations from Study I; namely 1) head-to-véhild and chest-to-hood (“Mid”),
2) head/chest-to-windshield (“High”) and 3) heaé&thto-hood (“Low”). To find the
right impact configurations different vehicle sizesl dummy sizes were combined.
This resulted in two different vehicle sizes, a 1sizk and a large sedan, and the two
sizes of 58 and 98'percentile male dummy being used. All three comfitians were
performed at a 40 km/h pre-impact speed, and théhtgher (and most common)
impact configurations were repeated at a 50 kmffaohspeed (see Figure 16). These
five configurations were performed for the refeeermehicles and vehicles equipped
with the three different countermeasures resultirgtotal of 20 simulations.

Low (40 km/h) Mid (40 km/h) High (40 km/h) Mid (50 km/h)  High (50 km/h)

P
)

50%, large sedan 50%, mid sedan 95%, mid sedan 50%, mid sedan 95%, mid sedan
Chest, hood ctr Chest, hood rear Chest, WS low Chest, hood rear  Chest, WS low
Head, hood rear Head, WS low Head, WS ctr Head, WS low Head, WS ctr

Figure 16. Impact configurations in the referenceimulations

Chest contact force, head injury criterion (HjChead angular acceleration, and the
cumulative strain damage measure (CSRMwere employed as injury parameters.
CSDM was assessed with the SIMon brain model us#agl acceleration data from the
full-body simulations as input.

The head impact location may be influenced by Iigkiue to two different
parameters; the speed change and the vehicleqatzHération during crash causing a
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lower front. The study setup allowed comparisothefinfluence of these parameters
separately.

4.3.2 Results

In the ten simulations without deployable counteasuges, head impact time ranged
from approximately 170-185 ms in 30 km/h, 125-145im40 km/h impact and 110-
120 ms in 50 km/h. The larger dummy {9%ercentile male) had a 10-20 ms later head
impact time compared to the"5percentile male. Wrap around distance (WAD) to
head impact ranged from 180-213 cm (dummy statlirésand 187 cm, (Untaroiu et
al., 2008)) for the 40 km/h impacts, and increasild increased impact speed and was
influenced by car type as well.

Head impact velocities were in all cases lower thancar impact speed, ranging
between 73% and 93% calculated as the head/canityaiatio. The lowest velocity

ratio was found for the configuration of the he#tirg the hood (“low”
configuration).When the car impact speed was cldirige head impact speed changed
less. When decreasing impact speed from 50 to 40 @ith otherwise identical

impact configuration), the head impact speed wasedsed by 2.9-4.7 km/h. When
reducing car impact speed from 40 to 30 km/h, tredlimpact speed was reduced by
5.8-8.7 km/h.

The head-to-windshield-center (“high”) impacts tesdiin low head loading. The
highest head loading was recorded for head impac¢kee rear hood and lower
windshield (“low” and “mid”). The highest chest éar was recorded when the chest
impacted the lower windshield and instrument péfinagh”).

The typical influence of the countermeasures caselea for one configuration in
Figure 17 where the head linear acceleration isssh®he passive countermeasure
reduced peak acceleration but otherwise displayschidar curve shape. The braking
system delayed the peak and decreased all valilese efent. The integrated system
had the same delayed trend as the braking systémeduaced the peak value further.
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Figure 17. Example of head resultant linear acceletion for one impact configuration (low
impact at medium speed)
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All three countermeasures showed benefit in a ntgjof impact configurations in
terms of injury prevention (Figure 18). The autek® system reduced chest force in a
majority of the configurations and decreased HIGE#&d angular acceleration, and
CSDM in all configurations. Averaging all five imgteconfigurations, the auto-braking
showed reductions of injury predictors between Z0Best force) and 82% (HIC)
relative to the reference situation. The passivatymeasure reduced chest force and
HICy5in a majority of configurations and head angutaretderation and CSDM in all
configurations, although the CSDM decrease in tardfigurations was minimal.
Average reductions between 20% (CSDM) and 58% (i€ recorded for the
passive deployable countermeasures. Finally, tegrated system reduced all injury
assessment parameters in all configurations comparte reference situations. The
average reductions achieved by the integratedraysteged between 56% (CSDM)
and 85% (HIC).
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Figure 18. Polar Il simulation results for the different countermeasures and injury parameters
(pre-impact traveling speed (km/h) given)
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On average the head impact wrap around distanceeeasased 110 mm for the auto-
brake cases compared to the same reference caseeabing the impact speed alone
by 10 km/h, without change of pitch/in-crash declen, decreased the wrap around
distance by an average of 100 mm. The pitch/dext@erchange alone changed the
WAD less than £30 mm, but although the WAD wasat@nged significantly the head
impacted different structures due to the lower eehfront in the pitch condition. The
head therefore impacted 20-80 mm more rearwartvel® car structures in the pitch
cases.

4.4 PRELIMINARY STUDY: FATAL CAR-TO-PEDESTRIAN CRAS HES IN
SWEDEN - CAUSES AND INJURY SOURCES

These preliminary results are based on a studgimeed by Oman, Fredriksson,
Bylund and Bjornstig (2011), planned to be publistzter.

4.4.1 Introduction and Aim

Longhitano et al. (2005) and Study | had conclutiedmost frequent combinations of
injuries and their car sources in pedestrian csasbmg representative data sets. The
studies were based on moderate to severe injivgestudy was found that analyzed
in-depth a representative data set of fatal crasheéstermine the distribution of
injury/source combinations in car-to-pedestriarsices. The aim was to study fatal car-
to-pedestrian crashes in Sweden to determine tis€ scommon body regions of
pedestrians sustaining fatal injury and their ogvact sources.

4.4.2 Method and Materials

Since 1997 investigators from the seven regiorteeSwedish Transport
Administration (STA) analyze all fatal traffic ctass in Sweden, collecting on-site
comprehensive information of road and surroundogldions, detailed vehicle data
including photo documentation and all available iwedand forensic records from the
casualty. Fatal injury is defined as mortality witB0 days due to crash-related
injuries. The information is gathered in a cendiaiabase which includes all fatal road
accidents in Sweden.

The STA central database was used in this studxttact all pedestrian accidents
between November 2004 and December 2007 that mé&bltowing inclusion criteria:
pedestrians of all ages impacted by the front e§gager vehicles (such as cars, sports
utility vehicles (SUV), and multi-purpose vehicl@PV)). Cases were excluded when
additional non-standard equipment (i.e. bull-barg$ mounted to the front, and if
sufficient information to perform an impact soues®lysis of the vehicle was not
available. This resulted in 58 accidents.

A medical analysis of the information in the datwas performed by two medical
professionals to determine the body region, ooregicontaining the injury causing
death in each case. The car part responsible @isir@afatal injury was also determined
by the authors in each case. The car front wakjsranalysis, divided into bumper,
hood front edge, hood area and windscreen arede i other parts have rather
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uniform properties, the windshield area consistsasts with significantly different
properties. Therefore a more detailed analysispeg®rmed of the impact points for
the windshield area (Figure 19). The windshielchaves further divided, where the
structural area of the windshield was defined aditime area, the near-frame area and
the instrument panel area with the remaining aoeatduting the pure glass area
(Figure 20). Finally, the impact points were pasigd relatively in horizontal and
vertical directions in a standardized windshieldpdr, similar to methods from previous
studies (Fredriksson et al, 2010, Koetje and Grakg\2008).

Figure 19. Five examples from detailed impact locan analysis

4.4.3 Results

In the 58 accidents the posted speed limit of togdant scene was’0 km/h in 48%

of the crashes, and braking was applied in 19%eb#4 crashes with a known braking
status. Fifty-one victims were impacted by a pagsenar, 5 by an MPV and 2 by an
SUV. The median model year of the vehicles was 1@8&idren < 15 years of age
were victims in 6% of fatal crashes, while seniogb accounted for 43% of the
crashes. The mean age of the pedestrians was &3 ged 53% were male. The
pedestrians were impacted from the side in 64%ethases.

The primary cause of death was head and neck imu§%, thorax in 23%, and
abdomen and pelvis in 9% of cases. The most conumainations for cause of death
and car impact location were head and neck inpamfthe windshield area at 53%,
thorax-to-windshield area 13%, thorax-to-hood 8&gdito-hood 5% and abdomen
and pelvis-to hood leading edge, 5%. In five cas@gies to more than one body
region were estimated to cause death. When studigfalgnjury and age of
pedestrians, alf 15 years of age (n=6) had brain injury as the salese of death,

while 34% of adults (16-64, n=27) and 55% of senfr65, n=25) had other fatal
causes, predominantly thorax injuries.

A standardized windshield graph was created witerexact location of fatal
windshield impacts could be visualized (see Fi@@k In five cases pictures of
sufficient quality were missing. The detailed as@\therefore consisted of 37 fatal
impacts from 36 pedestrians. The windshield strattrea caused 88% of the fatal
head and neck injuries, 65% were attributable edridame or near frame and 23% to
the instrument panel area. Thorax injuries in tivedghield area were also concentrated
to the structural area, with all injuries origimagifrom the frame area (A-pillars and

roof edge). In the hood area, injuries were moenbwdistributed, with a higher
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proportion on the driver’s right side of the call. gelvic injuries were caused by the
hood's leading edge.

Pure glass area Roof edge
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Figure 20. Standardized windshield and fatal causenpact locations (H=Head and neck,
T=Thorax)

Eight of the 58 fatalities sustained head and edkorax injuries from the roof edge.
These cases were studied in detail regarding pay sedestrian size and posted speed
limit. None of these parameters were found to geiitantly different compared to the
other fatal cases. Three pedestrians receivedftitaithead and neck injuries from the
hood area. All three victims were short (121, 160 466 cm), the shortest being a 7-
year-old child. All three cars were medium to lasgelan-type cars, and the tallest
victim was impacted by a large car.

4.4.4 Discussion and Limitations

This study showed, in agreement with Study I, ktiegtd-to-windshield was the
dominating upper-body injury/source combination Hrat the detailed windshield
impact locations causing injury were concentragetthé structural parts, but for the
fatal cases the concentration to the structural aaes even higher. Finally this study,
as did Study I, concluded that chest injury waquesnt from both hood and windshield
areas.

The study is limited to one country, Sweden, a tgumith rather large cars in general.
The results of this study showed a large propouiainjuries from the windshield. It is
possible that this proportion could be even highether countries if the cars in this
study are larger than average cars in other cesntri

The study was limited to three years of fatal ceastesulting in 58 accidents. When
more accidents are available in the future, thle@nice of car size or car type on fatal
injury outcome could be studied.
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4.45 Conclusions

The most common injury/source combination in fatalidents was head-to-windshield
area, followed by thorax injury from the hood anddghield areas. Head injuries from
the hood area were sustained typically by shodeple or children. Children in all
cases had only a head injury as the fatal causks wiler people more often also
sustained thorax injuries. The dominant proportibmjuries from the windshield area
was caused by structural parts.
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5 GENERAL DISCUSSION

Pedestrian traffic injuries and fatalities is ay@aproblem globally, where vehicle-to-
pedestrian crashes are estimated to result in @0@eaths yearly (Naci et al., 2009).
Large numbers are also estimated to sustain longdesabling injuries.

It is known that leg and head injuries are frequepiedestrian crashes, and legal and
consumer tests have been developed to mitigate thiesies. Legal tests have
concentrated on the bumper and hood areas, antecowasures have been developed
for these areas. Test results have shown prontesudts for bumper countermeasures
in current cars, while the same improvements hat®een shown for the hood area.
Accident studies already showed at the start effifoject that the windshield area was
an important area (Longhitano et al., 2005, Okarebtd., 2003, Yao et al., 2008), but
no measures had been introduced at the time tgat@tinjuries from this area.
Different head impact airbags for the windshielelsanad been presented but were
neither evaluated nor implemented. Chest injurieseveonsidered in limited research
studies, but mainly for sports utility vehiclesdamad not been considered in injury
mitigation technologies.

Limited research had been performed on primary $igda safety systems at the start
of this project. Brake-assist systems were avail&dbhid the driver in optimizing
braking. Night-vision systems had been developeidwénhanced the ability of the
driver to detect pedestrians, especially in posibility conditions. Integrated systems
of primary and secondary pedestrian safety hatheer considered.

This thesis investigated what priorities shouldéton secondary (in-crash)
countermeasures for the upper body regarding cgeexrgea and test speeds. Further,
the thesis investigated the potential of secondamntermeasures, as well as if and
how primary countermeasures, such as autonomokis@yaould improve the
potential of secondary countermeasures mitigatetgptrian injuries and fatalities.

5.1 THE ACCIDENT

5.1.1 Non-vehicle related factors

In a typical car-to-pedestrian crash the car flotstthe pedestrian in the side in a
walking position. Basically all pedestrian kinermagiudies have used the lateral impact
configuration in a walking stance. Both the PMHSseeferenced in the background
section and Study Il in this thesis base the agichs on this impact configuration,
which may limit our conclusions for other impaataditions. However, in the accident
cases in this thesis the impact to the pedestramlateral for 64% to 86% of the
pedestrians which is in accordance with other stiffDkamoto et al., 2003, Yao et al.,
2007, Yao et al., 2008).

The mean age of the study group (AIS3+) in Stuagps 49 years, while the subset in
Study | with fatal outcomes had a mean age of @rsyén the Preliminary study of
fatal crashes the pedestrians had a mean ageyeBB3 In Study | it was possible to
compare with the larger sample from which the sigiiyip was selected and the mean
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age of AlIS2+ injured was 42 years and for all iegli(AlS1+) 36 years. A comparison
of the age distributions in accidents with diffdreaverities in this thesis is presented in
Figure 21, where it can be seen that the propodia@tderly increases with the severity
of the injury outcome. These results are in lingnwésults from Rosén and Sander
(2009) and Henary et al. (2006).
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AIS2+ (G) AIS3+ (G) Fatal (S)

Figure 21. Age distribution of AlIS2+, AlIS3+ (Germaly) and fatal (Sweden) pedestrian accidents
(children 0-14 years old, adults 15-64 years oldnd seniors 65+ years old)

5.1.2 Vehicle-related factors

The Preliminary study of fatal crashes in this hebhowed that half the fatal crashes
occurred at posted speed limitsg0 km/h. The influence of impact speed on risk was
concluded in Study | where risk functions coulddeeived for the three most injured
body regions. In all cases the risk decreasedf&igntly with lower impact speed.
Reducing the impact speed by 10 km/h from 50 tkmih or 40 to 30 km/h reduced

the risk of severe injury for the head, chest grrspectively by approximately 50%. If
reducing the impact speed by 20 km/h from 50 t&@fh the risks were decreased 70
to 80% for the three most injured body regions.éRaand Sander (2009) showed
similar figures for fatal injuries.

Braking was not applied in a large majority of thtal accidents in the Preliminary
study. Hannawald and Kauer (2004) showed thatdfigiédestrian accidents do not
involve braking or only a low level of braking. Bhindicates that not only do the fatal
accidents occur in areas with high traveling spbatla reduction of speed before crash
also occurs infrequently. This shows that brakésasgstems would have limited
effectiveness in these fatal crashes since thasemsy need braking action from the
driver. Autonomous braking systems, on the othadhaould have both a high
potential to reduce impact speed in a majoritjhese cases, as well as a high potential
to reduce injury risk in the cases where they atigated. If sensor detection can be
developed to a high detection rate these systeuwssagreat potential to reduce
disability and fatality rates.
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5.1.3 Injuries and injury sources

This thesis found, in accordance with other stydies the most frequently injured
body regions, in car-to-pedestrian crashes, weréther extremities and the head. Leg
injuries were predominantly less severe and of daraie to serious injury level, while
head injury was the most frequent cause of fagatyr(Longhitano et al., 2005, Maki

et al., 2003b, Roudsari et al., 2005, Zhang e2@08). However, this thesis also found
that chest injury was a frequent cause of seveatdaal injury to adults. Elderly

people had a higher and children a lower rate etcimjuries compared to middle-aged
adults, while the rate of head injury seemed mqtaky distributed between age
groups. Similar findings have been reported foedydcar occupants exposed to
crashes (Kent, 2009).

In Study I it was concluded that for severe chadtl@ead injuries both skeletal and soft
tissue injuries were common. The head injuriebéwindshield area were further
studied using a method by Martin and Eppinger (2008ch links the full AIS codes

to linear or rotational types of head injury. Hee injuries where the direction could be
determined, about 50% were linked to a combineshlirand rotational loading while
roughly 40% of the injuries were linked to pureskm loading. Similar findings have
been reported by Arregui-Dalmases (2006) for pedeshead injuries in general. This
implies that rotational loading and brain injuryslid be considered when assessing
head injury.

Even those severely injured can in many caseshtett without sustaining disability,
while others sustain disabling injuries for lesgese injuries. Study | estimated that as
many as 31% of the surviving pedestrians (AIS1Hildoeceive a permanently
impairing injury at the 1% level and 5% would susthe more severe 10%
impairment. For the more severe 10% impairment ehead dominated while the
chest was estimated to be less frequent. It seghsSar the upper body, impairing
injury focus can be concentrated to the head. Bitebdse in Study | did not provide
information on impairment but the study used a e tstimating impairment based
on information of AIS level and body region (Maltnag, 2008). The method has
developed risk matrices based on occupant injdoynmation in Sweden. It was
estimated that a certain body region injured teréam level is comparable in the
pedestrian and car occupant situation so that tisenatrices can also be applied to
pedestrians. The impairment system follows a natipapplied Swedish model
(Forsakringsforbundet, 2004), where, for exampla| blindness is set as an
impairment of 68%, balance interference 18%, epitepith rare outbreaks 10%, and
amputation of the tibia 9% impairment. The Swediginsport Administration (STA)
has decided to define seriously injured persorib@se sustaining at least 1%
impairment (Vagverket, 2008). Since it naturallkes a long time to see the long-term
injury outcome the STA (formerly the SRA) has chrogeuse the risk matrices
proposed by Malm et al. (2008), similar to the rmdtim Study I. Further study is
suggested to see if detailed brain injury assessnmeere CSDM and SIMon are
candidate tools, can be used to assess the rikknigpiterm disabling injuries.

It was found that the most frequent severe injoyise combination to the upper body
was the head-to-windshield area, which was in aesare with Longhitano et al.
(2005). The parts of the windshield area respoaddyi injury were dominated by the
structural parts; i.e. the frame including a-pgdland roof edge but also including the
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area where the instrument panel is situated ildlael’s line of motion. Similar results
were shown by Yao et al. (2008). The large oveasgmtation of injury located to this
lower glass area compared to the rest of the gl@ssseems to imply that the
instrument panel is too rigid thus producing hegudry in the second impact. The
distance between the windshield glass and theuimstnt panel is probably insufficient,
possibly in combination with the inability of théags to absorb enough energy before
the second impact. For the most severe accideatsdred chest injuries were also
caused by the roof edge. These cases were futtltked and no single parameter
could be concluded as more responsible, but ratkembination of high impact speed,
large pedestrian stature and high speed. Headesjiitom the hood were all connected
to children or short adults, and head-to-hood Wwas1ost common injury/source
combination for children. Chest injuries were sungtd at a rather equal frequency
from the hood and windshield areas. It seems ligatriost effective adult
countermeasure would be a windshield countermeathesaccident data shows that it
is preferably designed in a U-shape, coveringdiet part of the windshield where
the instrument panel is close to the windshieldthed extending higher up on the A-
pillars.

In conclusion, pedestrian countermeasures forpipernody should be extended from
the hood area to include the lower windshield arehthe A-pillars. The lower
windshield/A-pillar area should primarily focus tatal and disabling head injuries for
adults, but should also consider fatal chest infjoryadults and the elderly. The hood
countermeasure should consider fatal chest inpmadults/elderly and fatal/disabling
head injury for children/short adults.

5.2 KINEMATICS

Full-body simulations were performed (see Studywith a finite element model of

the currently most advanced pedestrian dummy vétitegc vehicle fronts at 40 and 50
km/h traveling speed. These tests showed a cldargkffect similar to cadaver tests,
which resulted in a higher wrap around distance Q)/# the head impact relative to
the pedestrian height. By subtracting the dumnydstey heights from the head impact
WAD values in Study Il we found that sliding at B&/h was close to zero, at 40 km/h
50-255 mm and at 50 km/h 190-350 mm. The 40 kmillhegacan be compared to
PMHS tests by Kerrigan et al. (2009, 2007) whiaiged from 205-540 mm for a
similar standing height and car geometry. The duremmylations resulted in less
sliding than the PMHS tests, which was also the taisKerrigan et al. when they
performed mechanical dummy tests with the samecleefiihis indicates that the
dummies, although showing a clear sliding effedt,usxderestimate the sliding effect
compared to PMHS. Accident data (Figure 4), shovaddes around 255 mm for an
average male, which is at the top end of the dursimulation values and the lower
end for PMHS test values. The accident data ischase@verage cars in Germany.
Accident data, in Study I, confirmed this slidirfieet and showed that 60% of
severely injured pedestrians have their car-to-lvepdct at a WAD of less than 2.1 m
(current Euro NCAP upper border), and that 86%atha WAD of less than 2.3 m.

The head impact speed was in all simulations id\sti lower than or equal to the car
impact speed, which was not the case in PMHS itegt®vious studies (Kerrigan et
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al., 2009, Kerrigan et al., 2008, Masson et al0,720But similar to previous studies it
was, in all cases, lower for the hood impacts casgpto windshield impacts. When
the shoulder impacts the car the head and nedle rartal the head continues first at
high speed but is then, in a later sequence, datedby the neck. At impact with a
vehicle where the windshield has a different atigge the hood, the head will hit the
windshield in the earlier phase of this motion whil the case where the head hits the
hood the head velocity has been reduced more hyeitiebefore the impact. This
could be a contributing factor to the severityhd injuries in the lower windshield
impact. To conclude, this implies that a highet $peed could be necessary in
windshield-head impact tests compared to head-itipsis to the hood.

The vehicle pitch that occurs when a car is brakiag shown to influence the impact
location. This means that for cars with auto-brajems not only is the impact speed
influenced but the head and chest impact locasonel. Study Il showed that vehicle
pitch will result in a more rearward head impadhi® car. On the other hand, speed
reduction works in the opposite direction, redudimg WAD when speed is reduced.
Depending on the car front design this can reawdt¢hanged head and chest impact
location, either more forward or rearward relatvear structures. This may need to be
considered when studying the injury-reducing effectess of braking systems, such as
brake-assist or autonomous braking. It may alsedoessary to consider when
determining the coverage area of a windshield @urgasure for an integrated system
for a specific car.

Head impact times were dependent on pedestriarmsizémpact speed. For a'50
percentile male and 40 km/h car impact speed thd mepact occurred at
approximately 125 to 150 ms after the first impacgccordance with PMHS tests for
similar cars (Kerrigan et al., 2009, Kerrigan et2007, Masson et al., 2007). When the
car impact speed was reduced 10 km/h the head irpes were increased by
approximately 40 ms, while for an increase of 10rkthey were decreased by
approximately 20 ms. The head of the largét @&rcentile dummy impacted between
10 and 20 ms later than the average sized dumnpycdlly, shorter pedestrians and
higher impact speed (along with more inclined haardsigher hood edges) lead to
shorter head impact times. This is important toausidnd when designing secondary
countermeasures. See 5.4.2 where this is furtseussed.

5.3 IMPLICATIONS FOR CURRENT TEST METHODS

Car occupant safety has improved rapidly duringabedecade. Demanding consumer
tests have lead to the development of safer carsambuyers have been willing to pay
more for safer cars. However, car buyers may netilieg to spend more for vehicle
measures protecting other road users. The driarge$ towards safer cars for
pedestrians are legal tests or consumer tests \phdestrian protection is part of the
full vehicle rating. Study | showed that the cutregal/consumer test methods for leg
protection regarding test speed, test area and/iojieria seem appropriate. The test
speed in general for the head is also appropnatetee legal test area is appropriate for
children. For adults the test area does not retifectrue need, and injury criteria may
require further development. The test area fohtreed, which in today's regulations
only includes the hood area, should include thesfquarts of the windshield area and
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the A-pillars, in order to address a majority chthénjuries. For such a head-to-
windshield test, accident data in Study | indicdteat the test should be based on a
slightly higher car impact speed. Additionally,lfbbdy simulations in Study IlI
indicated that a slightly higher head impact tpstesl may need to be considered due to
the different head kinematics in windshield imp&ztveloping test tools and injury
criteria to better assess brain injury risk sha@léd be considered. The current
pedestrian headforms do not allow head rotatioardttan that caused by friction,
while a Hybrid Il headform as in Study Il could ae alternative, or component test
methods where the head and neck interaction i take account. Another solution is
using full-body dummies. Mechanical dummy tests laosvever, expensive and have
limited repeatability and limited possibilitiesttest all areas impacted by different
sized pedestrians. Instead, an alternative coutd bse full-body simulation which is a
method that Euro NCAP is already considering ireptreas. Also, the global
pedestrian regulation (GTR 9) uses full-body sirioes when deployable hood
systems are being evaluated. Numerical simulatians good repeatability and allow
easy anthropometric changes. Still the finite eletmeodels require large computer
capacity but the development towards shorter comgptimes is moving quickly. All
these dummies and models could also be used ioredign with detailed brain

models to estimate brain injury. Several advancaghbmodels have been proposed for
research purposes but a promising candidate fatesaiopment purposes is the
SIMon model which is a less detailed head and brendel and therefore feasible to
run on personal computers with short computing sirkowever, this needs further
study. An alternative pragmatic solution is to lert study whether countermeasures
designed for current test tools and the linear loeigetrion also minimize rotational
loading in a majority of cases. This could be daarimediate solution and then the
necessity for new test tools and criteria is reducdil they are further developed to be
more valid and feasible.

This thesis has pointed out the need for pedestdantermeasures in the windshield
area. A likely solution for this is an externakeig. The legal and consumer test
methods then need to determine if such countermesaate positioned in time and
work in full-body loading. For deployable hoodstbtite GTR and Euro NCAP have
test methods to evaluate these, by using full-badyerical models. A similar test
method is then necessary for deployable windsloichtermeasures. For any
countermeasure to the windshield area it is crulc&tlthe coverage area is appropriate.
The likeliness of head impact decreases with higy&D, and the countermeasure can
be concentrated to the lower parts of the winddhieliro NCAP tests up to a WAD of
2.1 m for the head impact, and that seems to b@ppate since it addresses a majority
of severely injured pedestrians (Study Il1). In thiure this could be extended to 2.3 m
which addresses almost 90% of pedestrians. Simageoanetry affects the sliding of

the pedestrian and thereby the head impact WAR|tamative suggestion is to use
numerical full-body simulations to determine thadhémpact WAD for a 95

percentile male for each vehicle (for the given $geed). This could then be used as
the upper limit for windshield countermeasuresréspective vehicle. The same
simulations could also be used to determine theogpjate head impact speed and
angle in headform tests.
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Study | and the Preliminary study presented intthesis showed that, for severe
(AIS3+) and fatal accidents, chest injuries argquent for all adults and especially for
the elderly. While the less frequently injured elwvas considered early in regulation
development and is part of the Euro NCAP consugsdr the chest has not been
considered in any regulation or consumer teshisflbody region were to be considered
the test method should include both hood and leviedshield impacts. To address the
most frequent impact speed when severe chestasjodcur, Study | suggests basing
these tests on a higher car impact speed compated and head tests. Tests should
then be based on a car impact speed of at leashB0 Injury criteria for the chest
should consider both skeletal and soft tissueigguaiccording to Study . Especially
older people are frequently chest injured andrttose fragile group should be
considered when developing injury criteria andshodds.

To conclude, the author suggests continued useegiddestrian headform and HIC
linear acceleration based criterion as a basisesirhas proven to be a robust method.
Since impact location and impact speed is deperadetite car design it is
recommendable to introduce full-scale simulationthe test methods to determine
impact conditions such as test area and head impaetl and angle prior to
experimental component tests. In countermeasum@a@went full-body tests or
simulations are recommended to evaluate chestigautid to use brain model
simulations to estimate brain loading. These moaietsdummies need further
development to become reliable tools for injuryeassent in legal and consumer tests.
Further, if the legal test methods aim to addresserseverely injured pedestrians in
the future they should include the lower windsheatdl A-pillar area. When new car
types emerge and become common on the marketripartant to carefully study the
influence on the kinematics and injury of the péus when impacted. This may lead
to a need for new or modified test methods.

5.4 COUNTERMEASURES

5.4.1 Primary safety systems

All studies (I-111) and the Preliminary study presed in this thesis supported the high
potential of auto-brake systems. The Preliminaugygshowed that fatal cases were
associated with a high posted speed limit anddizdting was rather rare in fatal
accidents. Study | showed that severe injury riak highly influenced by changed car
impact speed. If Study | and the Preliminary stadycombined one can conclude that
not only is a reduced impact speed beneficialfhmttauto-brake systems also have, in
most cases, a high potential to reduce impact sgieed few of the fatal cases included
braking. This is in agreement with other studiear(fwald and Kauer, 2004, Rosén et
al., 2010). Study Il showed large reductions ofthaad brain loading when reducing
the head impact speed in component tests, andyftbaldy 11l showed large reductions
of head and chest loading as well as head and injany risk by introducing an auto-
brake system. To conclude, autonomous brakingsgsitave a high potential for
reducing pedestrian head and chest injuries.
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5.4.2 Secondary safety systems

It seems that the current trend of bumpers withéngnergy absorption capability,
combined with a lower stiffener to reduce the begdif the knee and better distribute
the load, is a viable way to reduce leg and kngei@s. Euro NCAP-tested cars with
these solutions have shown to considerably redheckrtee injury parameters assessed
in these tests (Euro NCAP, 2010).

Study Il showed that an under-hood distance ofri0Ocould reduce head loading, in
impacts up to 40 km/h, to acceptable levels batliriear and rotational loading. Study
| and the Preliminary study showed that the hoothijmaddresses children and short
adults. It can be questioned whether the test rdetha free-flying Hybrid Ili
headform without neck influence is a representa#sgetool, but it was assumed to
estimate a worst case of head rotation. The sthaliteer showed that when reducing
the head impact speed by 10 and 20 km/h, the reegassder-hood distance could be
reduced by 20 mm for each 10 km/h step, and maiataimilar level of head loading.
This implies that if an auto-brake system redubeshead impact speed by 10 km/h it
is as effective as adding 20 mm of deformatioradis¢ for a hood with properties
similar to the design tested. Although no validatedry criteria were available Study
[Il showed that a deployable hood had the potetdiadduce chest loading.

A deployable hood should be designed to be inipas#arly enough for a short
pedestrian at high speed as well as staying updanggh for a taller pedestrian at a
lower speed. For windshield airbags an even losiggrup time is necessary while the
earliest activation time is also later. For a cambideployable hood and windshield
countermeasure, preferably different activatioreBrand stay-up times can be used.
Further, the head impact timing correlation of ictgEpeed actually helps the contact
sensor design. At higher impact speed, the negessasing time is shorter due to
higher impact force and higher bumper intrusioresipe

Study | and the Preliminary study clearly showeslribed for countermeasures in the
windshield area. To be cost effective and obstradittle as possible of the driver’s
sight in case of faulty activation it is importaatlimit the size of a windshield
protection device. The studies concluded that thesatermeasures should be
concentrated to the lower windshield area (instnirpanel area) and the a-pillars. It is
necessary to design each such countermeasuresfimdikiidual vehicle; a small

vehicle needs protection higher up on the a-pil@rmsall cars may even need to
consider the roof edge as well. It was found ird§tuthat a coverage area, of a
countermeasure, up to 2.1 m WAD (today Euro NCApeuporder) addressed 60% of
AIS3+ head injuries. If increasing the WAD to 2.3aimost 90% were then addressed.
Windshield countermeasures should primarily begihesi to mitigate head injury but
should also consider chest injury mitigation, eggigcfor the lower parts. Study |
showed the high potential of windshield protectiwhen it estimated that a combined
system of leg-to-bumper, chest/head-to-hood and/bleest-to-windshield protection
would address all severe injuries for 73% of themseerely (AIS3+) injured when
impacted by a car front, while only addressing 44B€&n not including windshield
protection.

In the hood area the necessary energy absorpstandes can be achieved by passive
measures, by increasing the under-hood distance ddsgning the vehicle. To
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achieve this it will require a higher hood surfagljch may not be desirable for the car
designer for several reasons. Another solutioa raise the hood surface only in case
of an accident, which is the idea of the deploy&oled, or Active Hood. In the
windshield area, it is possible that the instrunpertel can be redesigned to meet the
energy absorption necessary and that the hoodecartéended to cover the lower
windshield frame, but the A-pillars are difficult tedesign. The A-pillars need to be
narrow in width to maximize the vision of the dmybut also rigid enough to keep the
compartment intact in a roll-over accident or large animal impact. A future
windshield protection system could then consistroéxtended deployable hood and
A-pillar airbags.

5.4.3 Integrated systems

The primary and secondary safety systems can dssipmbined if the primary safety
system is an auto-brake system and the secondstgnsgonsists of countermeasures
for the hood and windshield area. They can be aetil/in the same way as the
individual systems. The passive deployable patti@&ystem should then be designed
to provide protection up to a certain impact spersdithe auto-brake part should aim to
reduce higher speed impacts to that speed. Thebaake system also reduces injury
severity from ground impact at lower impact speétie systems then interact to
provide good protection in a large speed rangghEgyran integrated system with a
sensor which would detect a pedestrian impact a0u1.0 second before impact
enables an alternative hood deployment technolatjyanreversible hood lifter, which
requires more activation time than what is normaligilable with a contact sensor. A
reversible hood actuator has the advantage ofewating replacement in case of faulty
activation. An integrated system with a pre-crastssr also opens up possibilities for
countermeasures in the hood front edge area. Ked® of systems would have the
highest potential in sports utility vehicles whitiive been shown to frequently cause
chest injuries in the hood front edge area (Lomgputet al., 2005). One design solution
is an airbag, but to be positioned in time woulddhactivation prior to first car contact.
Since detection with a pure pre-crash sensor, witbontact information, is more
challenging there may be a better design poteotiabversible solutions in this area.

5.4.4 Potential of countermeasures

Rosén et al. (2010) showed the high potential td-Brake systems and Fredriksson
and Rosén (2010) showed that a primary and a sappadfety system had a
comparable potential, and that an integrated systereased the potential. Study Il
concluded this by showing that both reduced imppeed and increased energy
absorption were effective solutions in reducingchaad brain injury values and that
combined they showed larger reductions. Studyvhich used full-body simulations to
evaluate primary, secondary and integrated systempared to reference situations
also concluded a high potential for both primargt aeacondary safety systems, and a
further increased potential for integrated systems.

This can be explained by a dose-response modelragure 22. It shows the number
of collisions (dose or exposure) and injury risésfsonse) as a function of impact
severity (e.g. impact speed). The number of inj@ietildence) can be calculated by
multiplying the dose and response for each imgaetd interval and summing up for
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all intervals. If impact speed is reduced generakdywith an autonomous braking
system, the dose curve will be shifted to the(kftow 1). If energy absorption is
increased in the crash, as with an airbag systesjgk curve is shifted to the right
(arrow 2). Since the incidence outcome is deterchinemultiplying the dose and
response, the incidence will be reduced for bositesys. If both countermeasures are
introduced simultaneously both these effects watkatogether to further reduce the
incidence curve. This is a simplified analysisuasisg that autonomous braking only
influences impact speed (arrow 1). Study Il showed impact location is also
influenced by braking.

Number of collisions

----- Number of injured

ysu Amfuy

Injury nisk

Number of collisions and mnjured

Impact severty

Figure 22. Dose-response model and influence of edarmeasures, 1: reduced impact speed
(auto-brake), 2: increased energy absorption (depi@ble devices), (from Kullgren (1998))

All the studies on potential mentioned above used-brake systems for primary
safety and deployable hoods and windshield airf@gsecondary safety. The
integrated systems combined these systems witliffiecetice in the individual systems
or activation strategies, but taking into accotethigher protection potential of
secondary safety systems at reduced impact speeds.

5.5 REPRESENTATIVITY TO OTHER PARTS OF THE WORLD

As mentioned, basically all accident studies penfat to date have been based on
accidents in Europe, Japan and the US. The réiséaforld was, more or less, not
considered, mainly due to a lack of detailed actidesestigations. To gain sufficient
quality and detail in accident investigations,neal accident teams need to visit the
accident scene shortly after the accident. Thex@ensive and has limited this activity
to a few locations in high income countries. Stilk rest of the world has higher or
much higher proportions of pedestrians killed aifftc accidents and account for as
much as 95% of global pedestrian fatalities (N&ail.e 2009). These countries have
different mixes in their vehicle fleets which maguse the conclusions in this thesis,
based on passenger cars, to lack validity in tbesatries. Body height can differ
which influences the kinematics and car parts irngghdnfrastructure may also differ
with less separation of traffic elements. When toesidevelop it is likely they will see
the same development as in western countries, tsvealarger proportion of cars and
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an infrastructure with greater separation betwéements. It is even likely that the
population's average stature increases. This imfiieg the results from this thesis may,
in the future, also be valid for these countriassdme countries, such as China and
India, the car population is rapidly increasingrdduction of pedestrian
countermeasures on new cars in these countriesd waarefore quickly affect the
market in terms of real traffic safety potentialh®v the market matures it will take
longer to introduce new countermeasures that infledraffic safety for a majority of
the population. This, combined with the high nursharpedestrian fatalities in these
countries today, leads to a high injury-reducintgptal if pedestrian countermeasures
are introduced in these countries.

This thesis focused on the vehicle and the posstlatermeasures that can be
developed to decrease pedestrian casualtiesmp@tant to note however that
development of infrastructure, policies and vehitdsign must go hand-in-hand to
reduce the high pedestrian casualty numbers inaj@ag countries (Mohan, 2008).

5.6 FUTURE RESEARCH NEEDS

All existing pedestrian regulations limit head jaiton requirements to the hood area.
Also, all research for pedestrian injury mitigatiarthe hood area has been focused on
head injuries, historically as well as currentlfislthesis showed that chest injuries
from the hood area were more frequent than headesjfrom this area in severe
(AIS3+) and fatal accidents. Therefore study ofahest injury mitigation potential of
current hood systems is recommended. It is negessdevelop test methods to
achieve this, including impactors or dummies ad agelnjury criteria for this type of
impact. It is possible that the recently developedd systems already provide
protection to the chest or can easily be redesigmedtigate both head and chest
injuries. Many car models will be developed in ti@ar future to meet regulations and
reach high scores in NCAP tests. These car modets &long life span, so if itis
possible to optimize the hood for both head andtdh@iry mitigation this research
should be quickly initiated.

The biggest need, however, was for the windshiedd an head and brain injuries. The
introduction of pedestrian protection as part efftil vehicle rating in Euro NCAP is
likely to lead to the introduction of windshieldwdermeasures. This thesis showed the
importance of considering brain injury and rotasibleading in this countermeasure
design. Therefore research on test methods capablaluating brain loading is
necessary. Further research is also suggestaattpwhether detailed brain injury
assessment can be used to estimate the risk efdomgdisabling injuries. Finally,
results of this thesis suggested that head impdbetwindshield may be associated
with higher head impact speed than hood impactsd hesults were derived from a
limited range of car types, and further researcuggested to study this in a broad
range of car types.

We see a current trend towards smaller cars tacesfiiel consumption. Smaller cars
have a different geometry, which will influence &matics, but may also need to be
stiffer due to the short energy absorption distan@@lable in frontal crashes. Electric
cars will also be common in the near future, aritlhei likely to have both different
geometry and structures. While basically all iniéeombustion engine cars have the
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rigid engine in front, electric cars have a lardesign freedom to locate the drive train
in other parts of the car body. This provides tbssibility to design the front end
differently, both regarding geometry and stiffnélan in today’s cars. Research
should be performed to gain understanding of tbaseesigns and how pedestrian
protection can be optimized for these car types.

As mentioned, this thesis and previous studies bameentrated on the situation in the
western world, mainly due to lack of detailed dabtan pedestrian accidents in other
countries. Many of these countries have high numbkpedestrian injuries and
fatalities and it is important to investigate aetits in these countries to understand
how to best mitigate injuries. Since these cousitngve different vehicle mixes it will
likely lead to the need for studying pedestrianactgdo other vehicle types, such as
trucks, buses or motorcycles (Mohan, 2002).

Pedestrians have been the dominant vulnerableussdyroup studied. There are
indications that bicycle use is increasing (Thiemamden, 2010), especially in larger
cities due to higher fuel prices and raised envivental awareness of the population.
Pedestrians and cyclists already make up roughilyHeatraffic fatalities in urban areas
in EU countries (EC, 2010b), with the risk thatafaies will increase with increased
bicycle use. It is therefore important to studyyblist accidents to understand how the
proposed pedestrian countermeasures can be desigmétate injuries for bicyclists
in vehicle impacts as well.

In previous studies and this thesis the potentipkdestrian countermeasures have
been estimated using accident data or experimeuataérical approaches. In future
estimations, of the potential of countermeasurepdédestrians and other vulnerable
road users, the analysis should combine accidéatata experimental/numerical
simulations to enable a more accurate estimateegbatential benefit of these systems.

43



6 CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS

This thesis found that to mitigate upper body p&@esinjuries in severe and fatal
accidents, both primary countermeasures reducipgétrspeed and secondary
countermeasures for the hood and windshield aredseaeficial and complement each
other to increase protection potential. The winelshtountermeasure can be
concentrated to the structural parts and the hoddwndshield countermeasures
should be designed to mitigate head/brain and ahjesies. Special consideration
should be taken to design for elderly pedestri@pscifically, the following

conclusions can be made:

» Of all surviving pedestrians 31% were estimateslistain a permanent
impairment and 5% a more severe impairment. Thd vaa found to be most
susceptible to severe impairment.

» Contrary to present regulations, this thesis fatinadl head-to-windshield was
the dominant upper body injury/source combinatmmskevere (AIS3+) and
fatal accidents, followed by chest-to-hood/windkhiglowever, the current
regulations cover the major child upper-body infsoyrce combination, head-
to-hood.

* Injuries in the windshield area were concentrateith¢ frame and the lower
glass area where the instrument panel is situatéteihead’s line of motion.
The current windshield upper head impact bordeoimsumer tests addresses
the head impact locations of 60% of severely headed pedestrians. If this
area is extended 200 mm higher, 86% are addrdgsesti.common impact
speeds (modal values), resulting in severe injueye approximately 45 km/h
for the head-to-windshield area and 50-55 km/rchast impacts to the hood
and windshield areas.

* Animpact speed reduction from 50 to 40 km/h redube risk of severe head
or chest injury by approximately 50%, and from 6@® km/h risks decreased
75-80%. Since the thesis also showed that brakitigrefrom the driver was
rare in severe accidents, the potential of an brake system to mitigate
pedestrian injury in real accidents is high.

* The same hood design (in stiffness and under-hsbainde) developed to meet
current head loading requirements (HIC in lineadiag), also proved to be
effective in reducing brain loading to low leve3DM in combined
linear/rotational loading). Further, for the hoasbigin tested, a 10 km/h head
impact speed reduction was comparable to a 20 rorease in under-hood
clearance in regard to head and brain loading tesy@nd if combined these
measures complemented each other to further rédhagband brain loading.

* Both primary (auto-brake) and secondary safety areagdeployable hood and
windshield airbag) showed a high potential for edg head and chest loading
in full-scale dummy simulations. However, integtasystems further increased
the potential.
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The main conclusions in the thesis are summarizdgeesented in a flow-chart,

Figure 23. The injury outcome is highly dependeniropact speed (1a) and impact
location (1b). The most common impact speed isdanraccident data (1a) and can be
used as design speed to optimize passive counteunesaA primary safety
countermeasure that detects pedestrians in dandeudonomously brakes the car (2a)
and secondary countermeasures for the head andrcities hood and windshield areas
(2b) are good candidates for pedestrian proteciiba.separate systems have a high
potential to reduce injuries, and if combined iatointegrated system the potential is
further increased (3).
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Figure 23. Flow-chart of main findings in thesis: &) Impact speed and risk/incidence, b)
Injurious impact locations in windshield area, 2a)Primary countermeasure, and b) secondary
countermeasure, 3 Effectiveness of a primary, secdary and integrated system

6.2 RECOMMENDATIONS

To reduce pedestrian injuries and fatalities itasessary to develop less dangerous
cars and car fronts in pedestrian impacts.

» Iflegal tests are to be extended into new are#iseotar, the tests should
include the structural parts of the windshield doemaximize the injury-
reducing effect. It is then suggested to contirgiegithe pedestrian headform
and HIC as the foundation, but to complement thests with full-body
simulations and brain models to estimate brainifgadeveloping a chest
injury assessment for the hood and windshield sgtsld also be considered,
where injury criteria should take the more fragiléerly people into
consideration. Full-body simulations are also ssgggkto evaluate safety
system performance in more realistic loading coolt These simulations
could then be used to evaluate chest forces amirb&stional loading. Until
validated tools and injury criteria are developedtiie brain and chest, this
could be a pragmatic solution to consider for beaid chest loading. Full-scale
simulations are also recommended to determine ingoexclitions, such as the
upper limit of the test area and head impact speddangle, prior to
experimental component tests.
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Secondary safety systems, such as deployable lanodsindshield airbags,
are design solutions that can address these rewgnts. Windshield airbags,
should concentrate on protection from impactsractiral parts of the
windshield (i.e. A-pillars and lower frame and glasea in close proximity to
the instrument panel) maximizing protection po@ntnaking the design more
feasible and minimizing the risk of obstructing thever’'s view in case of false
activation. Such an airbag could then preferablyisthaped with the lower
parts covering the lower windshield/instrument panea extending up on each
side to cover the A-pillars. If the airbag can keearded 200 mm higher than
the current (consumer test) standard 2.1 m theeptage of pedestrians
addressed is raised from 60% to almost 90% of evjured. Windshield
countermeasures are potentially more effective tioamtermeasures for the
hood area which is in focus in today’s regulatidthsod countermeasures
should still be included since they address sesteest injury for adults and the
elderly as well as head injury for children. Casigeers should strive to
redesign the instrument panel, and if a deployhbtel is designed to extend
and protect from impact to the lower windshieldveg windshield airbags can
be limited to the A-pillars.

Secondary safety systems should preferably be @mgpited by primary
safety systems, such as autonomous braking, tcagmgher combined
protection potential than an individual system.deary systems should be
optimized for protection at the most common imspeed. This thesis
indicates that a car impact speed of 45 km/h fadke-windshield and 50-55
km/h for chest-to-hood/windshield are appropriasigh speeds to optimize
countermeasures for mitigation of severe (AlS3itrias. Above those impact
speeds auto-brake systems should aim to redutaplaet speed to those
speeds.

Since pedestrian protection by itself has not pgexen to be a sales argument
for new cars, it is important to provide other intbees to car buyers to select
more “pedestrian friendly” cars. The newly introddecombined rating of
occupant and pedestrian protection in Euro NCAdhisnportant step and
should be followed by other consumer organizatiwodd wide. Consumer test
organizations should also consider developing aosa rating of primary and
secondary pedestrian safety systems, such as eke-%ystems and in-crash
protection systems.
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