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Abstract

In this thesis an analysis of predicted injuriesh® lower leg and head of pedestrians
in vehicle-to-pedestrian collisions through finidement (FE) simulations were
analyzed. Today, pedestrian regulatory tests cboksibsystem tests using impactors
that are made to hit the vehicle; there is no dsang pedestrian crash test dummy.
Hence, the kinematics of the impactors used itdbing procedure can be questioned.
An alternative way to assess vehicle-to-pedestimderaction and injury risks is
through the use of a FE-Human Body Model (HBM).sTihiesis presents a comparison
of injuries predicted by simulated regulatory testd injuries predicted by a modified
Total Human Body Model for Safety (THUMS), with KThéad and neck model, when
impacting an advanced FE-model of a sedan passeagerhe injuries in focus are
those sustained to the lower extremities, mainltheoknee ligaments and tibia bone
fracture, and the head. Further, real-life vehiolpedestrian accidents were
reconstructed with the modified THUMS to indicathet power of accident
reconstructions using FE simulations.

The modified THUMS and the leg impactor did notdace similar risk of leg injuries.
THUMS predicted lower ligament elongation and higtigia bending moments than
the impactor. The ligament elongation differenceMeen THUMS and impactor is not
comparable. For tibia bending moments, THUMS predicl8% higher bending
moments than impactor for impact point P3 and tbiaross-section for small
passenger vehicle-to-pedestrian collision, on gerawas 60% higher for Flex-PLI
positioning 75mm above ground and 42% higher whéax-PLI is positioned
according to THUMS walking stance. For tibia injuigk as predicted with modified
THUMS, vehicle velocity and pedestrian impact lcmatlong the width of the energy
absorber were significant. Moreover, presence fefraur fracture influenced the tibia
bending moment; femure fracture varied as a funatibimpact location and vehicle
velocity.

The injuries to the head as predicted by the medlifiHUMS, with Rigid KTH head
and neck model, and headform impactor were fountiawe similar head impact
kinematics with similar head impact duration andaeor of acceleration curve.
Predicted head injuries, using the injury meashil€ssand BRIC, were influenced by
the head impact location on the vehicle, vehiclglitein relation to THUMS and
vehicle velocity. In the accident reconstructionsdified THUMS model predicted
high HIC;svalues, representing high risk of head injuriescampared to the head injury
reported in the two cases that were reconstrudteel difference is qualitative only, no
quantitative difference conclusion can be drawmnfrihe results. This deviation in
results could be explained due to the fact of naailability of head impact locations
in the database cases, not including the vehicteldeation which may be present
during actual accident and non-inclusion of road &eather conditions.

Keywords: THUMS, KTH head, Flex-PLI, vehicle-to-mstrian simulations,
impactor-to-vehicle simulations, positioning, leglp headform, accident
reconstruction.
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Nomenclature

NHTSA National Highway Traffic Safety Administration
Euro NCAP European New Car Assessment Programme
HBM Human Body Models

FE Finite Element

PV Passenger Vehicle

KTH Kungliga Tekniska Hogskolan

AIS Abbreviated Injury Scale

THUMS Total Human Body Model for Safety
EEVC Enhanced European Vehicle Committee
BSRL Bonnet Side Reference Line

BLE Bonnet Leading Edge

WAD Wrap Around Distances

ATD’s Anthropometric Test Devices

PMHS Post Mortem Human Subjects

Flex-PLI Flexible Pedestrian Legform Impactor
TRL-LFI TRL-Legform Impactor

AAAM Association for the Adavancement of Automotive Mauk
ISS Injury Severity Score

ACL Anterior Cruciate Ligament

PCL Posterior Cruciate Ligament

MCL Medial Collateral Ligament

CSF CerebroSpinal Fluid

HIC Head Injury Criteria

BriC Brain Rotational Injury Criteria

MPS Maximum Principal Strain

AM50 Adult Male 50th percentile

AF05 Adult Female 5th percentile

AM95 Adult Male 95th percentile

CT Computer Tomography

V_PAD Volvo Pedestrian Accident Database
NCPU Number of Central Processing Units
ANMC Approximate Natural Movement Curve
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Notations
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dt
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t2

X
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z
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Implementation of Virtual Testing in safety Regidat

Channel Frequency Class

Diffuse Axonal Injury

Cumulative Strain Damage Measure
Rotational Injury Criteria

Reference case for normalization

Acceleration as a function of time

time interval (s)

Time at initial head impact (s)

Time at rebound of head (s)

Angular velocity in x-direction (rad/s)
Angular velocity in y-direction (rad/s)
Angular velocity in z-direction (rad/s)

Critical Angular velocity in x-direction (rad/s)
Critical Angular velocity in y-direction (rad/s)
Critical Angular velocity in z-direction (rad/s)

Anatomical Abbreviations

Anterior
Posterior
Distal
Lateral

Towards the front

Towards the back

Further away from the torso
Sideways
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1 Introduction

Today, traffic accidents are one of the leadingseauwnf injuries and fatalities. While it is
important to ensure better safety for vehicle oerig, it is equally important to ensure
that other vulnerable road users like pedestriastécyclists are protected as well from
vehicle collisions. According to statistics in 20&P U.S, 4,743 pedestrians and 726
bicyclists were killed in crashes with motor vek&l[[1]. As supported by statistics from
("4) 2 - ) (NHTSA), though, the number of
pedestrian fatalities fell from 4,901 in 2001 t@48 in 2012, there were still 76,000
reported pedestrian injuries in 2012 [1], whickersfto high number of pedestrian injuries.
To conclude, pedestrian protection is still of magoncern for the society and for the
vehicle industry.

In Europe, around 70% of all vehicle-to-pedestidaractions involve a passenger vehicle
[2]. A pedestrian is usually struck with the vebkiétont while walking or running rather
than standing still and the vehicle-to-pedestriapact kinematics are greatly influenced
by the stance of the pedestrian [2]. The pedestaammonly sustain injuries to the lower
leg and head. The injury risk appear to be a fonatif vehicle velocity, vehicle height and
impact location. Improved understandings of pedgstkinematics and injury risk are of
significant interest as this information can befulsie vehicle development.

European New Car Assessment Programme (Euro NCA&9 Elex-PLI legform and
headform impactor to assess the risk of injuriethélower leg and head of a pedestrian
in the event of a collision [3]. However, the cunr&lCAP testing involves only subsystem
testing. Detailed kinematics and more precise ynpredictions could be obtained using
finite element (FE) Human Body Models (HBM) and ktblbbe a useful tool in the
development of safer vehicles. Moreover, by usingMd and finite element (FE)
simulations it is possible to carry out parametadies and analyze injuries without the
need to conduct large volume real crash testsavditash test dummy, thus saving money
for the manufacturer.

For this study, the vehicle used was a small pggsarehicle (PV), the HBM used was the
2 ( ) * - ) (THUMS) developed by Toyota Motor Labs [4] that
was fitted with the advanced head and neck modeh fRoyal Institute of Technology
(KTH) [5]. The combined model in this thesis isae&d to as the THUMS KTH model.

Objectives

The objectives were the following:
1. Compare the risk of pedestrian leg and head ir§uagepredicted by simulations of
the Euro NCAP sub-system tests and those predistéide THUMS KTH model.
2. Study injuries to the lower leg and head of THUMS viehicle-to-pedestrian
collisions and analyse the influence of vehicleoe#l, vehicle height and
pedestrian impact location on the risk of injuries.
3. Assess the feasibility of reconstructions of realda accidents.
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2 Background

This section provides the reader with a summathetheoretical concepts which govern
the work carried out in this thesis. In this sectgeneral knowledge about vehicle-to-
pedestrian interactions, details about the lowgraled head test methods as used in Euro
NCAP, the design of the abbreviated injury scalkSjAinjury biomechanics, criteria and
risk functions concerned with lower leg and he&e, design of the Total Human Body
Model for safety (THUMS) are presented. Finallygrasentation of the Volvo Pedestrian
Accident Database (V_PAD) is introduced.

2.1 Vehicle-to-pedestrian interactions

Vehicle-to-pedestrian interactions refers to trenscio in which pedestrian is impacted by
vehicle before, during and after the collision. Miedge about vehicle-to-pedestrian
interactions can be based on reports from polickospital. But, there is commonly no
information in these reports about the pedestriance and impact locations on vehicle.
Another source of such information is from reseairt$titutes or industrial in-house
accident research. One such study is from Lindmah ¢6], where out of 314 identified
cases 179 cases were those in which the vehiclensamg forward which means 57%
cases represented a vehicle moving forward withauing. Also, in 66% of these cases
the pedestrian was crossing in front of the veleténg either to the left or right direction
relative the vehicle. In 70% of these cases theegigidn was walking or running while
being hit by a vehicle. The data show that a peidesis likely to be impacted by a vehicle
in walking position rather in standing positionfacing towards the vehicle.

When a vehicle hits a pedestrian, the bumperifmpacts with the lower extremities then
the upper body rotates around the torso, aftertwie upper extremities rotate and impact
with the vehicle bonnet following impact of headtlwieither bonnet or windshield
depending on vehicle geometry, vehicle velocity hemht of the pedestrian (Figure 2.1).
Lindman et al. [6] also analysed the severity efjfrently injured body regions among
pedestrians according to Abbreviated Injury ScAl&). According to the study, in 34%
of the cases, the pedestrian had AIS2+ injury léwelower extremities whereas in 24%
of the cases there was AlS2+ head injury level $8). the lower extremities and head are
most frequently injured body parts of pedestriamsnd) vehicle-to-pedestrian collisions.

Figure 2.1: FE-simulation of a pedestrian collisiotmindicate vehicle-to-pedestrian
interactions; leg impact (left) and head impacgfri) for small passenger vehicle.
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Vehicle-to-pedestrian interactions could be studiggdub-system testing using impactors,
testing using ATD’s and PMHS tests. As of now, tagans like NCAP [3] for vehicle
pedestrian safety include sub-system testing whilescale dummy testing and PMHS
tests are rare. Subsystem testing using impactorsasy to conduct but it doesn'’t
necessarily represent the actual kinematic behawbuiving human being during a
collision. An attractive alternative are the usé&B-HBMs. FE models of pedestrian have
been found to be more bio-fidelic than impactordwnmies [7] and thus using computer
simulations a parametric study is easy to perfanch@uld be made more repeatable.

2.2 Euro NCAP

Euro NCAP is a voluntary vehicle safety rating systfounded by seven governments as
well as several transportation agencies in Europeantries in 1997 [8][9]. When NCAP
was introduced it made use of a five star ratinggesy; a safety performance scale from
good to poor. This was done for particular aspastsell as the overall performance. Such
system aims to help the customer to better undetstee safety performance of a vehicle
[10].

From year 2009, Euro NCAP increased its attentiothe pedestrian protection provided
by a vehicle, thus a new pedestrian vehicle safesgssment program was proposed. The
pedestrian NCAP program addresses the safety dfsadtildren and addresses safety
assist technologies [11]. The assessment protpeotially based on test methods and
biomechanics threshold provided by the Europeana&réd Vehicle-safety Committee
(EEVC), that is currently in use was released meJ2014 [12] [13]. It includes impacts to
the vehicle evaluated using an adult headform,ild bleadform, an upper legform and a
lower legform [14]. Even though different vehiclbapes and categories may lead to
variant impact velocity and angle, EEVC claimed thach standard test is a compromise
but also a feasible way [14].

Unlike the real-life where the vehicle hits a pe¢dan, in an EEVC sub-system test the

vehicle is stationary and the impactor is madeittthle vehicle at a speed of 40 km/h. The
tests can be seen in Figure 2.2.
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Aduit Hesdtorm
Speed 17.1 m/s {40 kph)

Chald Hesdtorm 7 M‘”"B X9
Spees 11.1 mig (40 koht Kinetic snergy 295 J

Mass 2.5 Kg
Upper Legtorm Kinenc anargy 154 J
Speed up to 11.1 mss (40 kphl
Massupro 17 Kg y
Kinetic energy up to 1000 J
iy

Lower Legtorm

Speed 11.1 m/s {40 kph)
Mass 13.4 Kg
Knatic energy 825 J

Figure 2.2: A summary of EEVC pedestrian protectest methods [14]

2.2.1 Vehicle marking

Euro NCAP pedestrian protocol describe a vehicleking system that is used to prepare
and analyse the tests. By implementing such proeedLtest vehicle can be described by
different impact zones which makes it possibleoiate the respective interaction points
and select the appropriate impactor conditions.

2.2.1.1 Bonnet Side Reference Lines

The Bonnet Side Reference Lines (BSRL) are usétkttify the border between the side
and the bonnet of the vehicle. A straight edged® mm long is placed at 45°to the vertical
plane and moved along the side wing of a vehiclee Tippermost point on the vehicle
contacting between the straight edge and bonmaaiked. The BSRL is then created by
joining all the marked points to predict the outestnedge along the vehicle bonnet width.
Such drawing should be performed on both sidehefviehicle. Figure 2.3 shows an
example of a BSRL on one side of a vehicle.

Figure 2.3: Vehicle BSRL marking on the right qiti2]
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2.2.1.2 Bonnet Leading Edge Reference Line

The Bonnet Leading Edge Reference Line identiffes ftont surface of the bonnet. It
marks the uppermost and outermost surface of thieleeront. For drawing this, a straight
edge of 1000 mm long is used and placed at 600 buweathe ground level then lend to
the vehicle at  to the vertical plane (Figure 2.4). The lowesttaochpoints between the

Straight edge 1000 mm long

Bonnet Leading Edge Reference Line

www.euroncap.t

\ EURO

600 mm \\_

|
1
_
[ 77
|
1

2

Figure 2.4: Determination of BLE height as descdliyy Euro NCAP [12]

straight edge and the vehicle front are marked@indd to shape the Bonnet Leading Edge
(BLE) Reference Line. The vertical distances betwiéee BLE and the ground plane is
referred to as BLE height (Figure 2.4). The BLEalguhas great influence on pedestrian’s
femur injury as it attempts to be the first contagfion between human’s upper leg and the
vehicle exterior. In this study, the BLE is usediatermine the classification of vehicle in
chapter 3.3.

2.2.1.3 Wrap Around Distance and Grid Points

The head Wrap Around Distance (WAD) is used inEbeo NCAP protocol to determine
the test area and the selection of a headform sdejt or child headform. The
measurement of WAD is from the ground level, wrdpes outer vehicle surface using a
flexible tape, to the head impact point. The heagact point can be on the bonnet or
windshield. Commonly the WAD is measured betweenvghicle centreline and the wings
with the boundary defined by the BSRL; all the peinaving the same WAD make up for
a WAD line. The zone between a WAD of 1000 mm aBd0lmm are to be tested with a
child headform and the zone between 1700 mm anf@ &1 is to be tested with the adult
headform. The impactor selection between 1500 man1&®0 mm is determined by the
location of the bonnet rear reference line (BRRAfjch defines the rear range of the
bonnet. The child impactor or the adult impactdi e used in the 1500 mm to 1700 mm
zone if the BRRL is rearward of 1700 mm or forwafdl500 mm. When the BRRL is
between 1500 mm and 1700 mm, points forward ofilk be assessed using a child
impactor while points rearward will be using an ladapactor.

CHALMERS, Applied MechanicgsMaster’s Thesis 2015: 92 5



Grid Points are the target locations for the headfonpacts. To perform such marking

procedure, firstly the target points are pickethatcentreline every 100mm from 1000mm
WAD to 2100mm WAD, then use the same 100mm intexvahark on the vehicle surface

laterally from the points that are created in tiret fstep. Target points are labelled
according to the impact zone, and the head impabtauld be selected respectively (Figure
2.5).

<50 mm

+ Remove points that
are less than 50 mm
away from SRL (3.9.8)

Figure 2.5: WAD lines and Grid Points as definedBayo NCAP [12]

Generally, target points start with ‘C." indicatinige testing location is suitable for a
child/small headform, while a grid point for adhkadform starts with ‘A.” along with a
number identifying the location.

2.2.2 Sub-system tests

A full-scale test with a pedestrian crash test dynraiso referred to as an anthropomorphic
test device (ATD), is difficult to implement in @gestrian assessment protocol because of
its limited reproducibility. Therefore, test protds that include sub-system test devices
have been adopted by most of the rating organizaitbto regulatory bodies, including Euro
NCAP. In EEVC reports, the design specificationghef impactors and the strategy of
implementation in the test were suggested. Testhaodst and injury risk
functions/thresholds of these impactors were preiitom reconstructions of real-world
accidents and from Post Mortem Human Subjects (PMHBe latest impactor design
recommended of EEVC came in 1999 with a furtherowpment in terms of biofidelity.
However, Euro NCAP and other organizations tenguigue more realistic tests thus the
updates of the impactor designs have been suggested

6 CHALMERS, Applied MechanicsMaster’s Thesis 2015: 92



2.2.2.1 Legform to bumper test

The impactor is commonly referred to as the TRLd3&tan Legform Impactor (TRL-LFI)
which consists of two rigid parts and a flexiblénjothat are to resemble the femur, the
tibia and the knee, respectively (Figure 2.6). Adoay to the EEVC proposal [14], a
legform to bumper test should be carried out adtlea three different impact positions;
where there are highest risk of injuries. The intipais set to hit the vehicle front laterally
with an impact velocity of 11.1 m/s, and the instantation under consideration are the
tibia bending measured by the bending moment at ltmxations and the knee bending
measured by the elongation of three ligamentsarkiiee joint. The test points are selected
with certain limitations of the distance betweenleather and to the defined edge of the
bumper corner [14]. Recently, the new Flexible Retsn Legform Impactor (Flex-PLI)
was recommended for the updated Euro NCAP pedegiraection test [14] (Figure 2.6).
Compared to the EEVC-legform , the Flex-PLI hasagranthropomorphic behaviour as
both the unit representing the upper leg (femureb@md the unit representing the lower
leg (tibia bone) are flexible.

Figure 2.6: Photos of the load carrying units (vath padding) of the TRL-LFI based
on EEVC WG 10/WGL17 (top) [15] and of the Flex-Péision GTR (bottom) [16]

2.2.2.2 Headform to bonnet top test

The headform impactor specification and the testhote of Euro NCAP pedestrian
assessment conform to the Regulation (EC) 78/26@%egulation (EC) 631/2009 as a
supplement. The adult headform should be releasad@eed of 11.1 m/s and an angle of
65°+2°to the ground. In the child headform test, $heed is the same as in the adult test
while the angle shall be 50°+2° to the ground [T2je vehicle manufacturer is required to
provide test results of the child/small headforrd #re adult headform on each grid point
that is pre-defined by the boundaries of WAD lireexl different impact zones. The
performance criteria, the Hi€or the colour data showing the severity, is obtiftem

the accelerometer installed at the centre of gyafithe headform.

2.3 FE- Human Body Models

2" |%#( )* n ) $
$ $ 41 " ! ! $
2|| I n
! | n 2|| 4 ) ( * n
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2.3.2 THUMS

The THUMS is a computational model developed by dfayMotor Corporation and
Toyota Central R&D Labs since from 1997. The ainthef THUMS model is to enable an
investigation of the human kinematics and injuniethe vehicle safety domain. Comparing
to crash test dummies, THUMS has the merit of beinge anthropomorphic and includes
soft tissues, a skeleton system, and internal stgadfUMS model comes in two postures,
one to represent occupant in sitting posture anthanto represent a pedestrian in standing
posture. The size is that of a'5Percentile adult male (AM50). THUMS is currently
available in versions 1, 3 and 4. THUMS versiors 4lso developed to be representative
of a 3" percentile adult female (AF05) and d"3%rcentile adult male (AM95).
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2.3.2.1 THUMS AM50 Pedestrian Model Version 1.4

The THUMS AMS50 Pedestrian Model, Version 1.4 (headier called THUMS v1.4) was
released in 2006 and is simpler model as comparedote recent versions. Figure 2.7
shows the main components of the THUMS v1.4.

¢l cn‘ical
Spine

Shoulder &
Upper Extremity
Buttock

Lower Extremity
& Ankle/Foot

Figure 2.7: Components of THUMS v1.4 [19]

The general behaviour of THUMS v1.4 have been teddo be humanlike [20]. A study
by Yasuki et al. [21] reconstructed several PMHSstdby THUMS v1.4 and an SUV FE
model and drew the conclusion that the kinematiggedestrian FE model, THUMS v1.4,
and its injury prediction to the lower leg showeabd correlation with the PMHS test. A
general description of THUMS v1.4 model on bothhaopomorphic properties and FE
outline are listed in the Table 2.1.

Table 2.1: Description of THUMS v1.4, from the THEML.4 user’s guide [19]

Anthropomorphic property

Male

Height: 175cm

Weight: 77kg

Age: 30 to 40

Stance: Standing posture

Finite Element property

Total number of Nodes : 63,300

Total number of Elements: 81,5000

Tissue type Typical element type
Muscle Beam element
Tendon
Skin Shell element
Cortical Bone
Ligament
Spongy Bone Solid element
Disc
Internal Organ
Brain

CHALMERS, Applied MechanicgsMaster’s Thesis 2015: 92 9



In detail, the head of THUMS v1.4 is made of 8,)@ments, whereas the brain is
modelled as a whole part. Such specification casapport any in-depth analysis of brain
injury for the reason that this simplified headmainmatch with the complexity of a human
skull and brain. For this reason, a more advanead lkdesign was fitted the THUMS v1.4
which will be introduced in the subsequent section.

2.3.2.2 THUMS KTH model

KTH developed a FE head and neck model from compateography (CT) images, and
a simpler model by replacing the brain with a léstiled and more solid brain. The neck
includes cervical vertebras and discrete springepoesent the neck muscles, which is
implemented in both models. These two models wdexlzed to an AM50 pedestrian
THUMS model version 1.4 to facilitate improved kim&tic behaviour during vehicle-to-
pedestrian collisions and injury predictions. 7 provides the FE model of the
detailed head and neck with the brain exposed. Brath model was validated by Kleiven
et al. [22] [23]. In this report, both THUMS KTH rdel with advanced head and THUMS
KTH model with rigid head will be used and compafedher.

corpus

white matter
callosum

ventricles
grey matter

midbrain

facial bones

Figure 2.8: The KTH detailed head model (Sourcerdzino et al. [24])

2.4  Abbreviated Injury Scale (AIS)

AIS is an anatomical scoring system which was firssbduced in 1969 [25]. The AIS is

monitored by a scaling committee of the Associafmrmthe Advancement of Automotive

Medicine (AAAM). In this scoring system, the injas are ranked from 1 to 6, with 1 being
minor and 6 a maximal injury. This only represethts threat to life associated with an
injury, to know the severity associated with anuigj another criteria named Injury

Severity Score (ISS) is used which is based on AEhle 2.2 shows AIS score and
corresponding injury level.
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Table 2.2: Abbreviated Injury Scale (AIS) levels

AlS score Injury
Minor
Moderate
Serious
Severe
Critical
Maximal

OB WINF

AIS coding is done with reference to the injuriesresponding to each level in that body
region. Details about this are found in the AlSptkes on different body regions [26].

2.5 Biomechanics

Biomechanics can be describedtas application of engineering principles to thedst of
forces and motions of biological systems [2Vhus, biomechanical studies are used to
determine the magnitude and direction of forces mrmments of various tissues and
measure the corresponding kinematics [27]. Furtheh studies can be used to determine
accelerations associated with rigid and soft regminthe body like head and brain [28].

2.5.1 Lower leg

The study involves analyzing the injuries sustaibg@ pedestrian to the lower leg which
includes the ligament injuries in the knee andttrees of the tibia bone in the leg. The
anatomy of the lower limbs of a human is showniguFe 2.9.

pelvis ¢ ..
‘:\&‘ \‘.
: f'\--’"‘\\\ sacrum
|

coccyx

femur/ "'gl
\
}L%{ patella
Wl
fibula |||

\l T\tibla
2

metastarsal ,é’—";a
bones %—Lﬁ
G0
774/ — phalanx

Figure 2.9 Anatomy of lower extremities of a hurhamg [29]

The lower limbs consists of pelvis, thigh, kneaydo leg, ankle and foot. Pelvis links the
lower extremities to the spine and it is compodddur bones, two are the hipbones which
form the side and the front walls while the sacamd coccyx form the rear wall. Femur is
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the long bone of the thigh and is proximally corteddy the hip joint to the pelvis and
distally linked to knee [29]. The lower leg consisef fibula and tibia between the knee and
ankle. The knee is the joint that connects the feand lower leg and it consists of muscles,
tendons, ligaments and menisci. Finally, the fe@djoined to the lower leg and it consists
of several bones [29]. The lower leg bones areesitdgl to forces and moments during an
event of collision with a vehicle.

The anatomy of knee joint of a human is as showkigare 2.10.

B :
AC| -3
MG Tibial articular

Tibial / suriace

condyle

Figure 2.10 Ligaments of the knee of a human bgip

The four knee ligaments which are frequently infudriring collision with vehicle are
anterior cruciate ligament (ACL), posterior crueidigament (PCL), lateral collateral
ligament (LCL) and medial collateral ligament (MCDhe injury happens mainly due to
overloading in restricted abnormal joint motion.

2.5.1.1 Lower leg injury mechanism and injury criteria

8 ! " ##$ $ #$
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MCL elongation is considered to predict knee begdingle while ACL and PCL
are for the knee shear displacement measurerhent.
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Figure 2.11: Risk curve for probability of fractufer mid-shaft of lower leg [30].

2.5.2 Head

When a vehicle hits a pedestrian, depending orspieed of vehicle and height of the
pedestrian, the head of the pedestrian impacterettte bonnet or windshield. Thus,
studying the injuries sustained to the head duvielycle-to-pedestrian collisions is very
interesting especially when injuries to head cde&t to life-long health implications on
human beings. Such study is also useful for vehiadestry during vehicle development
stage where measures to prevent head injury cauiatioduced.
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The anatomy of human head is as shown in Figuiz 2.1

Os frontale
Os parietale

Os temporale

Maxilla

Arcus zygomaticus

Mandibula

cerebrum diencephalon

midbrain

{mesencephalon) cerebellum

pons varolii

medulla oblongata medulla spinalis

Figure 2.12: Anatomy of head of a human being (tBpgin Anatomy (bottom) [29]

The human head is a multi-layered structure witdpsas outermost layer, followed by
skull, the meninges and the brain. The scalp sradubcutaneous connective tissue layer
surrounding the skull [29]. Skull consists of saldyones fused together. The meninges
support and protect the spinal cord and the brathiaalso has the Cerebrospinal fluid
(CSF) which is a dampening fluid helping to protegiries to brain.

The most important injuries which is of concerratpedestrian during an event of impact
are to the skull and brain. Scalp injuries which@mmon in automotive accidents include
contusion and laceration [29]. Skull injuries candue to fracture of the skull or soft tissue
injury to the brain. Brain injury on the other hawgdn be focal brain injury or diffuse brain
injury which can be classified further [29]. Braimuries that occur frequently and of
concern are concussions and diffuse axonal braimiés. Apart from this focal brain
injuries which include contusions and hematomaats® common in vehicle-to-pedestrian
accidents.
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2.5.2.1 Head injury mechanism and injury criteria

Injury mechanism of head injuries in vehicle-to-pstian accidents are mainly due to
dynamic loading. In dynamic loading there are tymet, contact and non-contact loading.
Contact loading can cause focal injuries like skalttures and head local brain injury like
contusion. In non-contact loading, acceleratiothefhead which include translational and
rotational acceleration can lead to diffuse brajornes.

Head Injury Criteria (HIC) is commonly used to assthe injuries to the skull and brain
in current regulatory testing in Euro NCAP and wéhindustry pedestrian safety testing.
However, there is a limitation to the assessmehtaih injuries as rotational accelerations
and velocities are not included in calculation dCHThus, it could only represent the
assessment of injuries caused due to linear loadii§ is computed based on the
following expression:

HIC value is either calculated for an impact duatof 36ms named as H§ or for a
duration of 15ms named as HKCThe threshold value of Hkgand HIGs above which
severe head injuries occur are 1000 and 700 raegplydf29]. The HIGs and head injury
risk (%) variation for AIS2+ and AIS3+ is shownHkigure 2.13.
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Figure 2.13: Head injury risk curve for AlS2+ andS8+ based on HIC15 values [31].

Brain Injury Criterion (BrIC) is a rather new bramury assessment criteria developed by
Takhounts et al (2013) which is complimentary te HIC. It takes peak head rotational
velocities in three components into account. Br&S heen developed for ATD’s including
Hybrid 1l 50% male and is based on reconstructiohanimal injury data [32]. BrIC is
rather a new injury criteria and the use of theeséonan advanced FE model like THUMS
is further investigated in the thesis.
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BriC is computed based on the following expression:

v B $+ $
ETRALL b
Ss 8 (3,

Takhounts et al. proposed the risk curve equatiorieir report and the formulation of
AIS 4+ injury probability versus BrIlC based on MRBg risk curve is shown in Figure
2.14.
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Figure 2.14: AIS 4 risk curve of BrIC based on MB3.

The critical angular velocities to be used with Br&C were based on Maximum Principal
Strain [33] as provided by a head FE-model andyasen in Table 2.3.

Table 2.3: Critical Angular velocities in x, y aadlirections

Critical angular velocity constants Critical angular velocity (rad/s)
) 66.30
- o 53.80
-y 41.50

For soft tissue injuries maximum principal straMRS) in the brain tissue is used to
analyze the injuries to the brain.
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3 Method

This master thesis includes an evaluation of pede& lower leg and head injury in
vehicle-to-pedestrian collisions via FE simulatiassng THUMS KTH model. The Euro
NCAP sub-system tests serves as a reference. Manetns thesis includes a feasibility
study on accident reconstruction through FE sinmiat

A parameter study was carried out that varied sg¢weajor factors known to influence the
pedestrian kinematics and injury risk. The factonsler consideration were the impact
velocity, impact height and impact location alohg vehicle lateral direction.

The simulations in this study were performed udiBgDYNA version mpp971s R5.1.2,
revision 85274 with 96 Number of Central Processimits (NCPU'’s). All the data was
filtered using Channel Frequency Class (CFC) Gérfi2" 4

n n n n 1 ,1 n

)" $ " $ "4 2" "

'Yo# ) $ !

The FE models used in this thesis were:
THUMS KTH model
Small PV model
Flex-PLI GTR version 2.0 model
Adult headform impactor model provided by Volvo @aorporation.

3.1 Positioning of THUMS

The THUMS KTH model (hereinafter referred to as TW8) has its initial stance with
arms and left leg positioned anterior to the tavbde the right leg posterior (Figure 3.1).

Figure 3.1: The front (left) and side (right) viek THUMS initial stance in global
coordinate system
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However, such stance is undesired as it is noesgniting any phase in a normal walking
gait which is the most common posture in a pedasttrash scenario [2]. A Matlab script
named the Approximate Natural Movement Curve (ANIM&dvided by Morén et al.[34],
was utilized for moving the THUMS extremities. Thieal posture of the THUMS
represent a stance in a normal walking gait. Dubeovariation of pedestrian’s step size,
walking gesture as well as the phase to chooseagaitacycle, it is difficult to generalize.
Therefore, European Union (EU) established theegto]MVITER whose aim is to
standardize regulations for virtual safety test.[B this study, the desired walking stance
is based on the end angle of the limbs as propbgdMVITER, although this methods
desirability is still under discussion [36]. Duettee difficulty of validating the head and
neck movement, these body regions remained inithigal positions and changed to rigid
while moving the extremities. A summary of initiahd end position of extremities is
shown in Table 3.1. The angles are about Y-Z ptdriee global coordinate system (Same
as provided in Figure 3.1). A positive value repras the extremities were anterior to the
THUMS thorax and a negative value means a posteasition.

Table 3.1: Extremities' bone length and initialdeangle.

Extremities Length | Initial angle End Angle
(mm) (degrees) (degrees)
Upper | Left 283.4 21 5
arm Right 283.4 21 -30
Lower Left 266.99 16.8 15
arm Right 266.99 13 10
Upper | Left 434 2.9 -7
leg Right 434 -71 13
Lower | Left 357.2 - 8.8 -12
leg Right 357.2 12.64 10

Finally, the feet were positioned using a proceguoposed by Ruth Paas, Chalmers. This
modification was made to achieve a contact betwleeTHUMS model and the ground.

Figure 3.2 below is the desired walking stance IdUMS after following the described

procedure. Such posture will " :$ $ 2(3*- "
$) 8 " 2(3*- 4"
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Figure 3.2: Walking Stance in global coordinatetsys

3.2 Impactor-to-vehicle simulations with comparison of
THUMS

Legform simulations were performed by a Flex-PLpaator model against the front-end
of a FE vehicle model. An adult headform impactadel was also made to impact the
windshield and bonnet. These simulations were pmdd for comparing the THUMS
kinematics and injury risk under similar conditioAs the impacted leg of THUMS was
positioned in walking gait, simulations were cadra@it where the legform impactor model
was placed accordingly.

CHALMERS, Applied MechanigsMaster’s Thesis 2015: 92 19



3.2.1 Legform simulations

The first series of legform-to-vehicle simulatiomas aimed at reproducing the required
NCAP tests. The vehicle model was stationary aadrtipactor model was made to hit the
vehicle with a velocity of 11.1 m/s (Figure 3.3).ghavitational force of 9.81n7¥svas
included in the simulations. Thus the distance betwthe impactor and the vehicle was
calculated and selected when considering the ¢ptlistance of the legform. The default
gap between the legform and the ground was 75 mm.

Ground level

75 mm (Atimpact)

Figure 3.3: Legform-to-vehicle simulation test samea (75mm above ground level)

For matching with the vertical position of the TH@Mnodel in a walking stance, another
scenario of legform-to-vehicle crash simulationswaade according to knee position in
global Z-axis (hereinafter referred to as walkimgsigion). A comparison between the
THUMS lower extremity on the impact side with tlespective Flex-PLI position is shown
in Figure 3.4.

Knee height

above grougd

Ground leve

Figure 3.4 A comparison between the knee positianTHUMS model and a Flex-PLI
placed accordingly

Moreover, several impact points on the energy desoof bumper were selected, the
positions are to be discussed in the section 3.3.
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Euro NCAP pedestrian protocol suggests several uneaents to be captured during
testing, as shown in thieable 3.2.

Table 3.2: Flex-PLI legform impactor instrumentatiand measurements

Location Measurement
Tibia Bending Tibia -1
Tibia -2
Tibia -3
Tibia -4
Knee Elongation Medial collateral ligament (MCL)
Anterior cruciate ligament (ACL)
Posterior cruciate ligament(PCL)
Tibia Acceleration (optional)

Tibia Bending Moment of Tibia-1, Tibia-2, Tibia-®1éh Knee elongation of MCL, ACL,
and PCL were measured in the simulations and cadpaith the THUMS model. In the
Flex-PLI model, ligaments were presented as dis@ptings, and tibia bending moments
were calculated from the cross-sections definethertibia bone (Figure 3.5).

As of now there is no risk curve for predicting Enkgament injury. Although, the
estimated thresholds of MCL, ACL and PCL elongatanFlex-PLI by Oliver et al. [37]
will be considered for monitoring purpose. Suchueaindicates a 50% of injury risk. As
presented, the MCL elongation threshold has a rémge 16 mm to 23 mm while the
ACL/PCL are suggested to have a limitation of 1&ih. The presented performance
limitations were calibrated with 8(ercentile male PMHS knee shearing results pralvide
by the Flex-PLI evaluation group.

Tibia top flat surface

PCL ACL =
LCL ) g
Mg j 134 mm
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Figure 3.5: MCL, PCL, ACL, LCL in the knee area dhd cross section selection
(from top to bottom are Tibia -1, Tibia -2, and i&ib3) in a Flex-PLI FE model
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In this study only adult headform impactor simwas were performed and these served
as a reference. The adult head model was madeptactrthe vehicle & to the ground
reference level with a velocity of 11.1 m/s (Fig3:é). Similar test setup is used in Euro
NCAP tests.

40km/h Released speed a
<

Ground Level

Figure 3.6: An example of adult headform simulatieleased at the grid point A.0.7

Due to time and resource capacity of the projelatniged number of headform simulations
were carried out, instead of simulating on eacl goint within the adult headform test
zone. The chosen impact points were located omteehicle bonnet top, windscreen and
the rigid fringe, the area around the wiper reglmtyween bonnet and windshield.

The physical headform impactor consists of skihgsp, accelerometer mount, and an end

plate. The same components can be found in the &felnused in the computational
simulation as well (Figure 3.7).

accelerometer mount

Figure 3.7: Headform impactor FE model

The measurement criteria required by Euro NCAPIGkivalue on each grid points,
which can also be coloured as shown below:

3 4 2 -5 667
2 83 4 e 96:n<
83 = > 27@6
= 83 4 A <7
A 83 e BeC
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3.3 Vehicle-to-THUMS parameter study

The vehicle-to-THUMS parameter study includes satiahs using THUMS with the rigid
head model and the THUMS using the advanced heddeack model from KTH. The
simulations were carried out at different impadoegies, vehicle heights and pedestrian
impact locations. 36 simulations were carried artdach THUMS KTH model and a
complete simulation matrix can be referred to Aghe8.1.

Three vehicle velocities at 25km/h, 40km/h and 50kmvere simulated to analyse the
effect of different vehicle velocities on the ings sustained to pedestrian. The impact
locations were varied by moving THUMS in the y-aalsng the vehicle and the different
vehicle heights used for this study has been mddrom Morén et. al. [34]. Vehicle height
was varied by moving the vehicle along z-aXiable 3.3gives the different vehicle BLE
heights and corresponding vehicle category accglylin

Table 3.3: Scaling of vehicle according to BLE Inigbove ground

Vehicle height Vehicle category
694mm Small PV
768mm Large PV
877mm Small SUV
988mm Large SUV

Knee ligaments and tibia injuries were studied HUMS. The modelling of ligament
behaviour was achieved by defining the ligamentemat with material type 19, a strain
rate dependent material which will cause failurd alement deletion if the effective strain
rate researched the predefined stress-strain lgaé.cTo analyse the injuries to ligaments,

Figure 3.8: Weak springs attached to the ligameftsnee of the THUMS (posterior
view)
a series of weak springs were attached to the sjworeling knee ligaments in THUMS
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model. The three ligament injuries analysed wereM@L, PCL and ACL. The spring
arrangement is shown in figure 3.8.

However, the ability of THUMS predicting knee injus questioned by several researchers
and studies, the material property and definitibiigament needs to be re-examined [38]

[39]. In the computational simulations done in tl@port, the shell elements were mostly

highly distorted when exposed to impact, and tHeab®ur was also undesired as it can

hardly be representative as human knee ligamentst®such reason, further study in this

thesis work only present the result of ligamentiipjbut not to be analysed.

For analysing injuries sustained to tibia, bendimgmnents of the tibia bone have been used
as a measure. In the THUMS FE model, tibia corbicale is represented by shell elements
and the tibia spongy bone is represented by sdéchents. The FE behaviour were
achieved by two integrated materials defined fahtshell and solid elements, which are
the Material Type 105 and Material Type 24. Thenalet failure and deletion of these two
material were caused by plastic strain reachingléimed values. Such value for the shell
elements representing the cortical bone is set th®6, while the solid elements are having
a value of 0.33 to achieve a more elastoplastiawehr of the spongy bones.

To obtain the bending moments from LS-DYNA for thigia bone, a series of cross-
sections using shell and solid elements were deffoethe THUMS model. A detailed
set-up of the cross-sections for the left leg ef THUMS model is shown in Figure 3.9.

oy >y
.-

Il
Fibula 0
- wbia-l
i

Tibia-2

Figure 3.9: Tibia cross sections in the THUMS

Three cross-sections were defined; Tibia-1 for ugjea bending moment, Tibia-2 for
mid-upper tibia bending moment and Tibia-3 for radrer tibia bending moment (Figure
3.9). These cross-sections were selected basé@ dwcation of the cross-sections on Flex-
PLI legform impactor model.

For injury analysis to the head, a node has betnetkin the THUMS model at the centre

of gravity of the head which is attached to a rigatt of skull. Accelerations used to
calculate different injury criteria for head weigt@ined from this node output.
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The impact location of THUMS is selected at fivEatient points in the y-direction along
the energy absorber. These impact points are P#4@pmm), P2 (y=-300mm), P3
(y=0mm), P4 (y=200mm) and P5 (y=530mm). The negatign represents that the impact
location is to the left side of the vehicle midliaed the positive sign represents the right
side of the vehicle midline. The impact point P3nighe midline of the vehicle and the
other impact points are offset from it in the ysaXimpact points P2, P3 and P4 were used
for comparison between impactor-to-vehicle simolatiand vehicle-to-THUMS
simulation results. While the impact points P1aR8 P5 were only used for the parameter

Figure 3.10: Impact points on the front energy absgo for pedestrian position in front
of the vehicle, along the y-axis

study of vehicle-to-pedestrian collisions. The o@agor using this impact points for
parameter study is that for impact point P5, thpdaot of lower leg takes place at the edge
of the energy absorber, P1 near to the edge anid R8dline. Thus these cases were
identified as interesting to study as analysishef injuries sustained to the lower leg of
pedestrian even when the impact takes place adbe of the energy absorber could be
carried out and also using such wider offsets winaligp analyse the injuries sustained to
the head at wide range of impacts points along/ A on bonnet and windshield of the
vehicle. As can be seen, the impact point P5 itheredge of the energy absorber.

3.4 Accident reconstructions

Accident reconstructions were carried out base® dAAD accident database and using
same version of LS-DYNA. . The source of data sinance company Volvia, police report
and questions asked to victim or victim's persot@itacts [6]. The database contains
information like the impact speed, traffic enviroemh, pedestrian impact points, car
damage and injuries sustained. Injuries are codsddon AIS. Using information about
the pedestrian before, during and after a colligias possible to reconstruct such a real-
life accident database case into computer simuigtio

The scenario setup was performed using the preepsoc ANSA Ver 15.1.3. Using the
variables in the accident database, the positiopedtestrian before collision could be
estimated. Data regarding kinematics of pedestmghinjuries sustained after the collision
could also be extracted from the database.

A total of two vehicle-to-pedestrian accidents wanalysed regarding injuries sustained

to the pedestrian using accident reconstructioedestrian details and reconstruction data
details are presented in Table 3.4 and Table 3featively.
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Table 3.4: Accident database summary of pedesinimmmation

Pedestrian ID| Gender Age Stance Injury type AIS
1 Male 27 Walking Concussion3
2 Male 79 Running Fracture | 2

Table 3.5: Accident database summary of reconstmctata

ID Vehicle model| Vehicle type Vehicle Speed Implacation
1 S80 Large PV 50km/h On windshield
2 V70 Large PV 50km/h Y =-15

The two cases and the corresponding scenario scassied as follows:

Case 1: On a dark and rainy day, a vehicle drevdriving at 50km/h. A 27 years old male
appears walking from right side of the vehicle, todlision happens and the pedestrian
head impacts the windshield of the vehicle.

The vehicle is identified as a large passengerclkehl he alcohol level of pedestrian is not
known and the pedestrian is transported to theitadsp an ambulance after the collision.
The MAIS level identified is 3. The pedestrian su$ffrom brain concussion injury which
corresponds to an AIS 3 injury level.

The vehicle-to-pedestrian collision setup for chse shown in figure 3.11.

Figure 3.11: Reconstruction case 1 vehicle-to-peaascollision setup

Case 2: On a dark day with poor street lightingelicle driver is driving on a city street
road at 50km/h, just after a three-way intersectton9 years old male pedestrian appears
running and is hit by the vehicle. During collisjghe pedestrian is thrown on bonnet and
windshield of the vehicle and sustains fracturslafil, shin, ribs and pelvis.
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The vehicle is identified as a large passengercliehl' he pedestrian is identified as drunk
and is transported to the hospital in an ambulaift the collision. The MAIS level is

identified as 3. The pedestrian suffers from alskatture which corresponds to AIS 2
injury level.

The vehicle-to-pedestrian collision setup for restourction case 2 is shown in figure 3.12.

Figure 3.12: Reconstruction case 2 vehicle-to-pedescollision setup

CHALMERS, Applied MechanigsMaster’s Thesis 2015: 92 27



4 Results
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4.1 Impactor-to-vehicle simulations with comparison of
THUMS

This section presents the results from the simanatof impactors striking the vehicle. The
impactor data are also compared with those obtamesimulations using the THUMS
model for similar test conditions and the sameringriteria.

4.1.1 Lower leg injuries

For comparison between the leg impactor and the WMBUesults, a small passenger
vehicle with impact points P2, P3, P4 and impadbaity 40km/h has been used. Figure
4.1 shows the kinematic behaviour of THUMS and X legform impactor in the
simulated collision at impact point P3.

Figure 4.1: Kinematic behaviour of THUMS impact ket Flex-PLI collision with
vehicle, THUMS impact side leg (left), Flex-PLI{#5 above ground, middle), FI&t-I
(walking position, right)
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The results of ligament injury on Flex-PLI FE modepacting the pre-defined points P2,
P3 and P4 are studied with two different verticasipons. Complete Flex-PLI ligament
elongation curve can be found in Appendix 8.2.1akhs normalized by taking the MCL
elongation of THUMS model at P3 as defa@bmparing between these two Flex-PLI
height sets, 75mm above the ground level has higbak values of MCL elongation than
the walking position. The maximum MCL elongatiorcocs at around 40ms when Flex-
PLI is positioned 75mm above ground and around 2&msalking position. The knee
ligament (MCL, ACL and PCL) elongation curves of UMS model placed at the same
impact points as Flex-PLI considered above is shioviigure 4.2.

MCL elongation at P2, P3,P4
25 T T T T

THUMS MCL elongation {mm)

0 10 20 30 40 50 60 70 80 90 100
Time (ms)

ACL elongation at P2, P3,P4
25 T T T T T

THUMS ACL elongation {(mm)

40 50 60 70
Time (ms)

25

PCL elongation at P2, P3.P4
T T T T T

T T
| ——r2
i|——mps3

THUMS PCL elongation {(mm)

1
0 10 20 30 40 50 60 70 80 9 100
Time (ms)

Figure 4.2: MCL (top left), ACL (top right), PCLdtiom) elongation curve of THUMS
model at P2, P3, P4
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For the THUMS model, the impact point P4 showdhilgaest maximum elongation values
for all three ligaments. The other two impact psilR2 and P3, have similar curve shape.
While P3 provided the lowest maximum elongations.

Table 4.1 below presents all the maximum ligaménrtgations values of THUMS model,
Flex-PLI positioned 75mm above the ground and Rek{positioned according to the
walking stance of THUMS model.

Table 4.1: Maximum ligament elongations of Flex-Rith two different vertical position
and THUMS model of walking stance

MCL elongation P2 P3 P4
THUMS 1.4 1.0 (N) 2.3

Flex — PLI (75mm) 12.8 8.9 9.5
Flex - PLI(walking position 7.5 3.1 3.5
ACL elongation P2 P3 P4
THUMS 0.5 0.5 0.7

Flex — PLI (75mm) 4.2 2.5 3.0
Flex - PLI(walking position 2.4 1.7 15
PCL elongation P2 P3 P4
THUMS 0.9 0.7 1.3

Flex — PLI (75mm) 4.3 3.1 3.4
Flex - PLI(walking position 3.8 2.4 1.5
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The comparison of maximum tibia bending momentstier three different tibia cross-
sections for impact points P2, P3 and P4, can &e iseFigure 4.3. Two positions of Flex-
PLI were included in the comparison.

Small PV, 40km/h, Impact point P2

B THUMS  ®Flex-PLI (75mm) ™ Flex-PLI (Walking position)
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Small PV, 40km/h, Impact point P4
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Figure 4.3: Tibia bending moment comparison betwBdbWMS and FlexPLI at impaci
point P2 (top), P3 (middle) and P4 (bottom)

Overall, the Flex-PLI impactor had lower bendingmemts than THUMS for all the impact
points and tibia cross-sections. The resultant ingnthoment curve comparison between
THUMS and Flex-PLI for different tibia cross-sectgocan be found in Appendix 8.3.1.
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4.1.2 Head injuries

A total of 6 cases were selected from simulatiotriméAppendix 8.1) based on different
vehicle heights, vehicle velocities, head impacatmns on the vehicle and the severity of
head injury (Table 4.2). The data presented hentelfias been normalized by taking the
case of Small PV, 40 km/h and impact point P3 asinal load case.

Table 4.2: Summary of 6 cases for head injury corepa between THUMS and
headform impactor

Case no. Simulation Vehicle type | Vehicle impact THUMS Head
number velocity (km/h) location impact
along point
vehicle
energy
absorber
Case 1 2 Small PV 40 P3 H1
Case 2 13 Small PV 25 P1 H2
Case 3 1 Small PV 40 P1 H3
Case 4 17 Large PV 25 P3 H4
Case 5 28 Large PV 50 P1 H5
Case 6 6 Large PV 40 P5 H6

Figure 4.4 shows the vehicle with the six head ichpacations. Since, small passenger

vehicle was used to mimic different vehicle tymesthe head impact locations for different
vehicle types have been shown on the same vehidigcs.

Figure 4.4: Head impact location for the 6 cases
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The linear head acceleration comparison for THUM&J head model) and headform
impactor for the six cases are shown from figube-4igure 4.7.
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Figure 4.5: Case 1 (left) and Case 2 (right)
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Figure 4.7: Case 5 (left) and Case 6 (right)
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The curves have been overlaid by comparing the éitmeéhich there is significant increase
in the acceleration value, removing the rest ofdaia which is not useful for comparison.
As can be seen from the resultant head linear e@t&ns for the six different cases,
THUMS and headform impactor shows a similar tremdtfie impact duration and have
similar peak values at impact velocities of 40 88km/h while there is some deviation at
lower impact velocity of 25 km/h. For THUMS, thdtial head acceleration level while

impacting with vehicle is not zero because of thet that the THUMS head is already in
motion due to impact kinematics and thus this letmghe increase of initial head

acceleration.

The maximum linear acceleration of head and theesponding HI@s values for THUMS
and headform impactor for the six cases abovelarersin table 4.3.

Table 4.3: Resultant head linear acceleration an@1d for the 6 cases

Case noj/ Simulation number Resultant head Head Injury Criteria
acceleration (HIC1s)
THUMS THUMS Headform | THUMS Headform

1 2 1 (N) 0.82 1(N) 0.64
2 13 0.32 0.26 0.17 0.08
3 1 1.50 1.16 2.33 1.05
4 17 0.18 0.20 0.03 0.035
5 28 1.44 1.47 2.20 1.90
6 6 0.91 0.85 0.58 0.59

Figure 4.8 shows the correlation analysis betwedtMS and headform impactor for

HICys5 values.
correlation analysis
y=174+0.6"x,R?=0.8

+  discrete points |;
regression line |}
i

HIC‘:15 from headform impactor

HI(.‘.15 from rigid head

Figure 4.8: Correlation analysis of Hie between THUMS and headform impactor

For different vehicle heights, vehicle velocitiexlampact locations on vehicle, THUMS
is able to produce the same trend and behaviawrins of acceleration curve and impact
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duration. However, the peak values of accelerasaffset between the two models which
leads to a relatively low correlation in Higprediction between the two models.

4.2 Vehicle-to-THUMS parameter study

For the parameter study THUMS with a walking stamn@es positioned in front of the
vehicle with the impact side leg posterior to tioelya An example of this setup for a small
PV at impact point P3 can be seen in figure 4.9.

Figure 4.9: Vehicle-to-THUMS collision simulatioetsp

This parameter study includes an analysis of differvehicle heights, vehicle velocities
and impact locations on the risk of injuries to é&avieg and head. While studying lower
leg injuries, only the small PV was used as a egfeg vehicle as different vehicle heights
will result in different lower leg impact positions
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Figure 4.10 shows the vehicle-to-pedestrian intemas as predicted in the THUMS
simulations for a small PV at 25km/h, 40km/h an#rbh vehicle velocities and impact
point P1.

Figure 4.10: THUMS interaction with small PV whahat P1 in 25km/h, 40km/h
and 50km/h

4.2.1 Lower leg injuries

Appendix 8.2.2 shows ligament elongation comparisith variation of impact points P1,

P3 and P5 at different velocities: 25km/h, 40knmild &0km/h. The case of impact point
P3 under 50 km/h was eliminated due to the deledfoelements on PCL, which was
considered as a simulation failure.
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The highest elongation value of MCL and ACL/PCL webtained for P5 as compared to
the other two locations with the exception of tasecexplained above. With the velocity
increasing, the difference becomes more pronounesggkcially for MCL elongations.
Appendix 8.2.3 presents ligament elongation withiateon of vehicle velocities of
25km/h, 40km/h and 50km/h at different impact pgirfthe highest displacement values
for each case always occurs at 50km/h. P1 and $taglilower MCL stretch when the
impact velocity decreases. For P3, however, thegatton of MCL is almost the same for
the different velocities.

The tibia bending moments for different tibia crssstions is listed in table 4.4 for
different vehicle velocities and different impactits.

Table 4.4: Tibia bending moments for different elhvelocities and different impact
points for the different tibia cross-sections.

Vehicle Tibia-1 Tibai-2 Tibia-3
speed
(km/h)
P1| P3| P5 P1 P3 P5 P1 P3 P5%

25 1.23/1.15|/0.96| 1.06 1.06 | 0.58 0.79 0.83 0.29
40 1.33/1.03/1.20] 1.21 | 1.00(N)] 0.73 0.99 0.90 0.40
50 1.55/1.09|/1.00] 1.27 0.99 0.67 1.00 0.97 0.66

Figure 4.11 shows the maximum tibia bending momantke three tibia cross-sections
for vehicle velocity 25 km/h at three positions.

Figure 4.11: Maximum bending moment for small Pdiierent impact points at
25km/h

The overall trend shows that for different impaainps, the maximum moment is for tibia-
1 cross-section followed by tibia-2 and tibia-3.plwst point P5 which is on the edge of
energy absorber has lower tibia bending moments ithpact point P1 and P3 for all the
tibia cross-sections. Impact point P1 which is rteahe edge of the energy absorber has
generally higher tibia bending moments than themwotivo impact points.
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Figure 4.12 shows the stresses in the vehicle fromponents when the bending moment
of tibia is at its maximum for impact point P1 arelocity 25 km/h.

Figure 4.12: Fringe plot of stress in MPa for thehicle front when THUMS was
impacted at 25 km/h at impact point P1
For this case, the energy absorber of the vehadenaximum contact area with the upper
part of the tibia bone which is close to the tihiaross-section.

Figure 4.13 shows the maximum tibia bending momantke three tibia cross-sections
for vehicle velocity 40km/h.

Figure 4.13: Maximum bending moment for small Pditierent impact points at
40km/h
For all the impact points, tibia-1 experiencesrttaximum bending moment than the other
two cross-sections. Impact point P1 has higheist tiending moment for upper tibia cross-
section i.e. tibia-1, impact point P3 has lowesigtl bending moment.
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Figure 4.14 shows the stresses in the vehicle fromponents when the bending moment
of tibia is at its maximum for impact point P1 aredocity 40 km/h.

Figure 4.14: Fringe plot of stress in MPa for thehicle front when THUMS was
impacted at 40 km/h at impact point P1

As can be seen from figure 4.14, for this caseitmgact side lower leg comes into
maximum contact with the edge of the energy absabthe tibia-1 cross-section.

Figure 4.15 shows the maximum tibia bending momantke three tibia cross-sections
for vehicle velocity 50km/h.

Figure 4.15: Maximum bending moment for small Pdiierent impact points at
50km/t

The maximum bending moments are seen for tibiasdszsection at impact point P1. The

overall trend shows that tibia-1 bending momergresater for all the impact points than
the other two cross-section bending moments.
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Figure 4.16 below shows the stresses on vehicleirapdct location of leg for critical
impact point P1.

Figure 4.16: Fringe plot of stress in MPa for thehicle front when THUMS was
impacted at 50 km/h at impact point P1

In this case, the edge of the energy absorber Basmam contact with upper part of tibia
bone (tibia-1 cross-section) at maximum tibia-1deg moment.
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Figure 4.17 shows the variation of maximum tibiadiag moments for different impact
points for the small passenger vehicle with vaoiatf vehicle velocities.

Figure 4.17: Maximum bending moment for small P\ditierent vehicle velocities for
impact point P1 (top), impact point P3 (middle) angact point P5 (bottom)
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Figure 4.18: Fracture of femur at maximum tibia demg moment at 25km/h (top left),
40km/h (top right) and 50km/h (bottom) for impagcirp P3
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Figure 4.19: Fracture of femur at maximum tibia demg moment at 25km/h (top left),
40km/h (top right) and 50km/h (bottom) for impaairp P5
For impact point P3, the femur did not fracture28km/h but fractured at 40km/h and
50km/h. For impact point P5, the femur fractured3okm/h vehicle velocity at maximum
tibia bending moment.
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The detailed bending moment curves for differersesaand tibia cross-sections can be
found in Appendix 8.3.2 and Appendix 8.3.3.

4.2.2 Head injuries

In the following analyses of head injuries differ@ehicle heights, impact velocities and
impact locations have been considered.

Appendix 8.4.1 shows the resultant head impact citgloand resultant head linear
acceleration for different vehicle heights and ietgaoints. Simulation number 14, 34, 35,
40, 43 and 72 (appendix 8.1) resulted in errortdiadnormal increase in hourglass energy
for some of the elements. Effort was not made keesihe issues as changing some element
properties in THUMS model might have changed itsav@ur. So, results of these cases
are not presented henceforth. The data presentestfoeth is normalized by taking the
load case of Small PV, 40km/h and impact point $8aminal.

For the study, two head models have been usedteHsen for using two head models is
that the injury criteria HIC and BriC and relatadkrfunctions are developed for the
dummy head which does not consist of a model déxlfle brain [30] [40]. And, for
analysing the injuries sustained to the brain hkaximum principal strain in the brain
tissue, the advanced KTH head and neck model wéimlis used. Further, the effective
mass of both the head models is different whichltesn different linear accelerations of
head and the HIC measured.

The displacement curve of head from both these mddethe small passenger vehicle at
40km/h and impact point P3 is shown in figure 4.20.

Figure 4.20: Resultant head displacement in x, ¢ adirection comparison for rigid
head model and advanced KTH head model with brain

As seen from the figure, the head displacement-tiiM1S model with rigid head model
is a close representative of the model with advauhCEH head and neck model with brain.
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So, it can be assumed that simulations with theednead models will result in head impact
at similar locations on vehicle.

For all the cases considered, it was observedidhat particular vehicle model, the head
impact velocities depended on interaction with gkhfront and head linear accelerations
increased with increasing vehicle velocities armlaasing stiffness at the point of impact.
For different vehicle heights, 25km/h vehicle vétpcproduced low head linear
accelerations whereas 50km/h produced high headrliaccelerations. The magnitude of
linear head accelerations varied and it dependet) émpact location of head on vehicle
(either bonnet or windshield) and 2) Pedestrianaichjpoint with respect to bumper beam
as discussed in section 3.3. The region of impaetiadshield produced lower head linear
accelerations because of more deformation wheraasta the presence of dashboard
members beneath the windshield, such impact pomtsluced high linear head
accelerations.

Table 4.5 lists the maximum value of resultant hamapgact velocities and head linear
accelerations for all the cases using THUMS KTH elaudth rigid head.

Table 4.5: Maximum of resultant head linear accaliens and resultant head impact
velocities for different impact points and vehie&ocities

Type of Vehicle Resultant head impact Resultant head
vehicle speed velocity acceleration
(km/h)

Vehicle impact points P1 P3 P5 P1 P3 P5
Small PV 25 0.77 error 0.57 0.36 error 0.25
Small PV 40 1.02 1(N) 0.87 151 1(N) 0.3b
Small PV 50 1 1.13 1.04 0.64 1.2p 0.57
Large PV 25 0.66 0.62 0.55 0.23 0.18 0.24
Large PV 40 0.94 0.98 0.83 0.50 0.58 0.91
Large PV 50 1.02 1.21 0.9§ 144  1.12 0.72
Small SUV 25 0.66 0.70 0.57 0.28 0.25 0.24
Small SUV 40 0.98 1.02 0.79 1.10 0.97 0.69
Small SUV 50 1.19 1.26 1 1.17 101 1.57
Large SUV 25 0.70 0.72 0.64 0.26 0.23 0.23
Large SUV 40 1.09 1.06 0.91] 0.94 0.95 1.12
Large SUV 50 error error 1.25 Errar  error 1.11

Table 4.6 lists the HIG calculated for different vehicle heights, vehigkegocities and
impact points with the rigid head model.
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Table 4.6: HIGs for different vehicle heights, vehicle velocit®l impact points

Type of vehicle | Vehicle speed (km/h) HIC
Vehicle impact points P1 P3 P5
Small PV 25 0.17 error 0.06
Small PV 40 2.33 1.00 (N) 0.19
Small PV 50 0.79 1.74 0.71
Large PV 25 0.05 0.03 0.05
Large PV 40 0.36 0.41 0.58
Large PV 50 2.20 1.43 0.56
Small SUV 25 0.04 0.06 0.05
Small SUV 40 1.18 1.02 0.60
Small SUV 50 1.76 1.39 2.45
Large SUV 25 0.09 0.08 0.06
Large SUV 40 1.31 1.32 1.31
Large SUV 50 error error 2.16

For all the cases, a vehicle velocity of 25km/hvedi@ low risk of head injury. For a
velocity of 50km/h, the risk of AIS3+ head injungk is high except for the small PV at
the P1 and P5 impact positions and for Large PMeaP5 impact position.

The head impact locations for different vehicleghés and pedestrian impact points for
vehicle velocity of 25km/h, 40km/h and 50km/h anewsn from figure 4.21 — 4.23.

Figure 4.21: Head impact location on vehicle bonayed windshield for 25km/h
vehicle velocitydifferent vehicletype: and impact poin
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Figure 4.22: Head impact location on vehicle bonayed windshield for 40km/h
vehicle velocitydifferen vehicletype: and impact poin

Figure 4.23: Head impact location on vehicle bonayed windshield for 50km/h
vehicle velocitydifferent vehicletype: and impact poin

For all the cases considered, it was observedtitieaimpact location became higher and
more backward from the bonnet top at low vehiclleeity circumstances (figure 4.21) to
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the windshield at high vehicle velocity circumstas¢figure 4.23). A general trend shows
that the head impact velocities to the vehicle tfrmcreased with increasing vehicle
velocities. The head accelerations are mostly Wollg the same trend, and the
expectations are the cases of Small PV impact&d a&nd P5, Large PV impacted at P5
and Small SUV impacted at P5 under the vehicleoigidetween 40 km/h and 50 km/h.
The differences are mainly due to the clearanctantie beneath the bonnet and the
stiffness change of contact between the head dfedait vehicle structures.

All the 36 cases from the simulation matrix weralggsed using the advanced KTH head
model, and the summary of Hi£and BrIC values calculated from both models isagho
in Appendix 8.4.2. There are 6 cases which showed &rminations from either advanced
or rigid head model simulations were excluded ftomcorrelation analysis.

The correlation between Hiébf THUMS model with rigid head and advanced KTHdhea
was compared and plotted in figure 4.24. The datet very well correlated (R2<0.8) and

the data suggest that for the rigid head the:iHi€about 92% of that of the deformable
and advanced head.

Figure 4.24: Correlation between Hi€of advanced KTH head and HEDf rigid head
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A comparison of the BrIC values from the THUMS miodéh rigid head and advanced
head is made in order to investigate the correfasfariteria based on angular components.
The result is as in figure 4.25. A closer lineadizeehaviour can be indicated with thé R
value closer to 1 in BrIC analysis. , and the tetaveen the two models are close to 100%.

Figure 4.25: Correlation between BrIC from KTH adead head and BrIC from rigid
head

The AlIS4+ brain injury probability versus BrIC weralculated for the simulations using
the rigid and advanced KTH head. As requested éyctimpany, the analysis data is not
provided here in this report. A general trend @f@asing probability of brain injury with
increasing vehicle velocity is observed. On aspeft&hicle height, a Large SUV shows
higher brain injury risk in all three velocity gnpsicompared to the other types of vehicles.

The maximum principal strain (MPS) in the brain¥ehicle velocities of 25km/h, 40km/h,
and 50km/h and different impact points can be foundppendix 8.4.4.

In general, the MPS values increases with incrgagahicle velocity. However, several
head impact locations showed that with a lower ichppeed, a high MPS value may occur
depending on the region of vehicle where the hegmhcts. Figure 4.27 shows an example
of the impact location P1 for a small PV under e&hvelocity of 25km/h, 40km/h, and
50km/h.
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Figure 4.27: MPS in brain under 25km/h, 40km/h, &m/h with vehicle hitting the
THUMS at the same location

4.3 Accident reconstructions
4 4 #

Figure 4.28 shows the resultant linear acceleratadrthe head for reconstruction case 1
and case 2. Figure 4.29 shows the head impacidodar the two cases.

Figure 4.28: Resultant acceleration for case 1flaftd case 2(right)
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Figure 4.29: Head impact locations for case 1(lefty case 2(right)

The two reconstructed cases were based on categptize vehicle as large passenger
vehicle. For both the cases the pedestrian heaalditmghe windshield near the cowl region.
The information regarding the pedestrian locatiofront of vehicle during the impact for
case 1 was missing in the accident database. tklste were no post-accident images in
the database which showed the impact location @fptdestrian, so an assumption was
made for this data.

The resultant head impact velocity, resultant Heehr acceleration and Hi€value for
the two reconstruction cases are presented in fable

Table 4.10: Maximum resultant head impact veloditygar acceleration and HIG
values for two reconstruction cases

Case no. Vehicle Resultant head| Resultant head| HICis
impact impact velocity | acceleration
velocity
(km/h)
Reconstruction 50 0.89 1.20 1.14
case 1
Reconstruction 50 1.00 1.00 1.00
case 2 (N)

The HIGs as obtained is very high presenting a very higk df injury to the head of
pedestrian.
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5 Discussion
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5.1 Impactor-to-vehicle simulations with comparison of
THUMS

As presented in the results section, a higher itmpalocity will lead to more severe knee
injuries in both Flex-PLI and THUMS. Though, nonktle studied cases reached the
thresholds of injuries defined for both models. a&gdrom it, no direct correlation can be
drawn from the knee ligament elongation valuehadifference of elongation data from
Flex-PLI and THUMS are not comparable. One studylyazaki et al. [41] concluded
that an impact height ofDD of the impactor showed a behaviour closer to tfat
THUMS, while a height oA DD of the impactor had a better injury response ¢atice.

In this study, the position of 75mm shows the hgjHeament elongations due to the
reason that the energy absorber was placed atpier tibia region, thus comparatively
low bending moment but more shearing. On the contthe position of walking stance
has a knee joint impacting closer to the heighthef bumper beam which causes less
bending moment as well as shear displacement ddrtée region with the deformation of
the energy absorber on the bumper beam . As explamthe chapter 3.3, the ligament
injury to the THUMS model is not analysed due t® thange of shape and property of the
element during the positioning process, and the pebaviour in the impact simulations.

For comparison of bending moments of the tibia keetwFlex-PLI and THUMS, a small
PV at different pedestrian impact locations andatelvelocity of 40km/h was considered.
The THUMS showed higher bending deformation forcatiss-sections of tibia and all
pedestrian impact points under same impact comditgs compared to Flex-PLI. Also, for
this study, it was observed that overall the Fl&xwhen positioned at 0° inclination angle
according to walking stance showed closer coratn terms of maximum bending
moments of different tibia cross-sections rathentlivhen positioned 75mm above the
ground level. The impact point P3 showed betteratation as compared to the other
impact points. Also, the peak bending moments fex4PLI did not vary a lot for different
impact points along energy absorber, however THUMM8wed a lot of variation for
different impact points for peak bending momentditierent tibia cross-sections.

For head injuries, the THUMS model with KTH rigieédd model shows the same trend
and behaviour in terms of acceleration curve anghrhduration. The correlation factor
for HIC1s was R=0.80 and the x-coefficient for the regression @#2. This means that
the two models do not correlate well in terms o€HIvalues because of the fact that for
the THUMS model the head impact velocity is gre#itan actual vehicle velocity during
impact which produced relatively high linear accafiens and hence Higwhereas for
impactor the head impact velocity is similar to trehicle velocity during the impact.
Although, it was very interesting to see that tH#UMS model and headform impactor
produced approximately the same length of impacitén and trend starting from initial
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contact of head with the vehicle and ending at weboof head, showing that there is
correlation regarding modelling and behaviour betwihe two models. The brain injuries
could not be compared with headform impactor usdeiuroNCAP regulation tests due to
absence of brain model in the impactor.

5.2 Vehicle-to-THUMS parameter study

A detailed vehicle-to-THUMS collision parameterdjfuvas conducted in the thesis. For
the parameter study, vehicle height, vehicle vi&yomnd pedestrian impact locations were
varied.

The ligament injury analysis is feasible for andlydor the vehicle with its default height
due to the reason that the height of energy absardginfluenced when the vehicle height
was varied with respect to BLE to mimic differemcle types. In most of the THUMS
simulations, ligament showed none or minor injuri@gach behaviour is undesired. The
THUMS model being utilized has a changed stancenfioitial to walking, thus the
position and the contact region between THUMS astdale also varies. Apart from that,
changing of THUMS stance was not validated so tfiience of ligament properties
change (length, meshing shape and etc.) is notidemesl in this study. From the
observation of the THUMS simulations, the knee st visible bending angle while the
total elongation of MCL was low, as the shape ef BiCL changed from a folded to an
unfolded condition while no tension was detected.

Magnitude of bending moment of tibia bone was us®ed measure to analyse injuries. It
was observed that for all the cases the tibia-Hingndeformation was greater followed
by tibia-2 bending deformation and tibia-3 bendileformation. Also, for 25km/h vehicle
velocity and impact point P1, the tibia-1 bendingment was highest as compared to other
impact points, the reason identified behind thikhésdirect implication of impact force on
tibia-1 cross-section during vehicle-to-pedestdaltiision and impact point P1 being near
to the edge of the energy absorber which offesdesormation zone and less contact area
for tibia. When vehicle-to-pedestrian impact vetgpancreases to 40km/h, the maximum
bending deformation is observed in tibia-1 at imgsmnt P1, reasons for higher bending
moment being similar to the previous case. Whervéecle velocity further increases to
50km/h, the maximum bending deformation occursifgpact point P1 at tibia-1 cross-
section due to contact near the edge of energyladso

If maximum bending deformation was compared acogrdio different vehicle velocities
at same impact points then it was observed thahassehicle velocity increased the
bending deformation increased for impact pointiRik.impact point P3, the tibia-1 cross-
section bending moment is higher at 25km/h and tavelOkm/h due to the fracture of
femur at 40km/h impact velocity. Further, when itheact velocity increases, the bending
moment increased significantly, showing that forghar velocities, the bending
deformation is higher. For impact point P5, theralletrend was increase of bending
deformation for different tibia-cross-sections wititreasing vehicle velocities. Fracture
of femur at 50km/h caused decrease in bending mbatehis impact point.
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For head injuries, HIc was used as measure. For analysis three simudaftaded and
were not analysed. The overall trend was for lowadricle velocities, the risk of AIS3+
head injury was lower whereas for higher vehiclleiies, the AIS3+ head injury risk
was higher. The head impact velocities increasel imcreasing vehicle velocities and
was greater than vehicle velocity for most caseés. HIGs value depended on the location
of head impact on the vehicle and vehicle velodityhe head impacted with hard parts
beneath the bonnet or windshield around the cogwre then the acceleration levels were
high and the corresponding HKvalues were high. Also, one more interesting &t
observed was that the THUMS shoulder first conthttie vehicle which already deformed
the vehicle up to certain level before the headecano contact with the vehicle. Due to
this there was less deformation zone providedHerhitead and it came almost into direct
contact with the hard parts beneath the bonnéieodehicle. Moreover, the THUMS model
with an advanced head and neck KTH model contaidsfarmable brain and shows a
more fluid-like manner, the influence of effectivass is considered to be the major factor
for the higher HI@s values exposed in the advanced KTH head.

Additional studies were conducted on the advanceéd Kead, the MPS value being part
of the studies. As presented by Bain et al. [48] first stage of DAI can be identified when
MPS value exceeds 0.2. Thibault et al. [43] ex@dim their study that a strain value of
0.3 can be considered as a threshold for severe T internal loading of brain can be
observed by reading the MPS value in the advandéd ead. From the parameter study
results, the major reasons for the brain injury feamd to be the contact pressure and the
shear deformation caused by the rotation motiothefhead. The damage in the brain
regions are mostly located at corpus callosumathak as well as the place where the skull
is having direct contact with the vehicle structuigere the linear acceleration translated
into the cerebrum.

The study on BrIC indicates the possibility of wgsithis injury criteria or other similar
criteria which includes rotational components foh@amanoid, while the correlation
between this and ATD’s needs consideration of nsamaples. Further, whether a rigid
head or a detailed head model can have betteyippediction for real-life circumstances
is still undecided. However, with the advanced Kié#d it is possible to conduct analysis
on the injuries caused by shear loading as welthaspressure diffusion inside the
cerebrum. This is considered to be a merit comgaonthe test dummy’s head. On the
contrary, a head with brain tends to have high&:kivalues compared with a rigid head,
which in the rating or the threshold may lead tmiaunderstanding of the vehicle safety
performance.

5.3 Accident reconstructions

For this study, two cases were reconstructed flee\t PAD accident database. Both the
accident cases involved a large PV and vehiclecitglof 50km/h, lower leg injuries were
not analysed as in this study a small PV was usedric a large PV and thus the bumper
would not be accurately positioned for testing taen safety. However, head injury
analysis could be carried out as the location afdhenpact could be mimicked with such
an approach of changing vehicle height to obtaiferdint vehicle types. Since, the
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THUMS model used was a B@ercentile male model, so for both the reconstnatases
the head impact took place on the windshield rreacowl region but the pedestrian impact
points and scenario were different. HiGalues obtained represents high risk of severe
head injury both to the skull and brain. These hapay level is high when compared to
the one reported in the accident database. Therseaeral factors which were not included
in the simulations like the deceleration of theighwhich might have been there in the
real-world accident case, the running or walkingexpof the pedestrian involved in the
crash and the environmental conditions which cdwlde led to differences in results as
reported in accident database and the one obt#inedgh FE simulations.

5.4 Pedestrian protection countermeasures

This section discusses the possible pedestriaegiron countermeasures for the vehicle
under study.

For preventing injuries to the lower leg, includiagvider energy absorber would prove to
be beneficial from pedestrian safety point of vesithen the stiff parts of the vehicle could
be better avoided during collision with a vehidter preventing injuries to the head and
brain, including an active hood which rises up padestrian airbag would be useful as the
region identified for an adult pedestrian as paont design point of view is the cowl
region around the windshield. If the hood rise®upedestrian airbag is deployed then the
pedestrian could avoid head impact with this aesucing the head and brain injury risk
during vehicle-to-pedestrian collisions. Anothesgible solution could be allowing more
deformation zone for the cowl region around thedshield.

5.5 Future studies

Future studies for the thesis include the use véaced THUMS 4.0 model for assessing
the injuries to the lower leg of the pedestriansoithe THUMS model used for this study
was modified by including an advanced head and rmeszkel from KTH and thus studying
the lower leg injuries separately with a more adeah flexible and original THUMS
model would be interesting.

Further, scaling of THUMS model into different ar@phometric sizes of female and child
can be carried out to study the injuries to othesug of pedestrians. For accident
reconstructions, more cases can be analyzed tangeverall view of the correlation of
injuries reported in the accident database andexiqgted through simulations.

For analysis of brain injuries, other injury critelike Cumulative Strain Damage Measure
(CSDM) and Rotational Injury Criteria (RIC) coulé mteresting.
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9.

Conclusion

For knee ligament injuries, prediction by Flex-Riold THUMS are not correlating.
THUMS predicted higher tibia bending deformationtibia than Flex-PLI.

The tibia bending deformation as predicted by THUMSeased with increasing
vehicle velocities and it decreased when the feinaatured.

Tibia-1 i.e. the upper tibia bending moment washargfor different vehicle

velocities and pedestrian impact points.

Head linear accelerations as predicted by THUMShaatiform impactor were in
correlation to each other in terms of trend andaedur of accelerations during
impact.

For vehicle-to-THUMS simulations, most of the casesw low knee ligament
elongation and high tiba-1 bending deformation.

7. The head impact velocities increased with increasehicle velocities.
8.

The head impacted either the bonnet of the vebicleindshield depending on the
vehicle velocity and vehicle height.

For impact of lower leg at the edge of the enefggogber the risk of fracture for
mid-tibia cross-section is low.

10. Injuries to the brain are higher for higher vehiatdocities and vice versa.
11.For higher head injury risk, the brain injury riskhigh and vice versa
12.The accident reconstructions of the two cases giroeE simulations showed

injury risks higher than reported in the database.
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8 Appendix

8.1 Simulation Matrix
[2(3-:2( 4" 1"

Simulation no. Vehicle model BLE height Vehicle Impact point
(mm) speed (km/h)
1 Small PV 694 40 P1
2 Small PV 694 40 P3
3 Small PV 694 40 P5
4 Large PV 768 40 P1
5 Large PV 768 40 P3
6 Large PV 768 40 P5
7 Small SUV 877 40 P1
8 Small SUV 877 40 P3
9 Small SUV 877 40 P5
10 Large SUV 988 40 P1
11 Large SUV 988 40 P3
12 Large SUV 988 40 P5
13 Small PV 694 25 P1
14 Small PV 694 25 P3
15 Small PV 694 25 P5
16 Large PV 768 25 P1
17 Large PV 768 25 P3
18 Large PV 768 25 P5
19 Small SUV 877 25 P1
20 Small SUV 877 25 P3
21 Small SUV 877 25 P5
22 Large SUV 988 25 P1
23 Large SUV 988 25 P3
24 Large SUV 988 25 P5
25 Small PV 694 50 P1
26 Small PV 694 50 P3
27 Small PV 694 50 P5
28 Large PV 768 50 P1
29 Large PV 768 50 P3
30 Large PV 768 50 P5
31 Small SUV 877 50 P1
32 Small SUV 877 50 P3
33 Small SUV 877 50 P5
34 Large SUV 988 50 P1
35 Large SUV 988 50 P3
36 Large SUV 988 50 P5
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1 2(3* :2(

Simulation no. Vehicle model BLE height Vehicle Impact point
(mm) speed (km/h)
37 Small PV 694 40 P1
38 Small PV 694 40 P3
39 Small PV 694 40 P5
40 Large PV 768 40 P1
41 Large PV 768 40 P3
42 Large PV 768 40 P5
43 Small SUV 877 40 P1
44 Small SUV 877 40 P3
45 Small SUV 877 40 P5
46 Large SUV 988 40 P1
47 Large SUV 988 40 P3
48 Large SUV 988 40 P5
49 Small PV 694 25 P1
50 Small PV 694 25 P3
51 Small PV 694 25 P5
52 Large PV 768 25 P1
53 Large PV 768 25 P3
54 Large PV 768 25 P5
55 Small SUV 877 25 P1
56 Small SUV 877 25 P3
57 Small SUV 877 25 P5
58 Large SUV 988 25 P1
59 Large SUV 988 25 P3
60 Large SUV 988 25 P5
61 Small PV 694 50 P1
62 Small PV 694 50 P3
63 Small PV 694 50 P5
64 Large PV 768 50 P1
65 Large PV 768 50 P3
66 Large PV 768 50 P5
67 Small SUV 877 50 P1
68 Small SUV 877 50 P3
69 Small SUV 877 50 P5
70 Large SUV 988 50 P1
71 Large SUV 988 50 P3
72 Large SUV 988 50 P5
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8.2 Knee ligament elongation curves
8.2.1 Flex-PLI knee ligament elongation curves
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8.2.2 Vehicle-to-THUMS knee ligament elongation curves copared for different velocities with variation of
impact points

ED FC

HEDFC

ED FC
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8.2.3 Vehicle-to-THUMS knee ligament elongation curves cupared for different impact points with
variation of vehicle velocities.
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8.3 Tibia Resultant bending moment Curves

8.3.1 Comparison of resultant bending moment for differer tibia cross-sections between THUMS and Flex-
PLI at different impact points.
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8.3.2 Resultant bending moment of different tibia cross-sctions for different vehicle velocities with varigion
of impact points.
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8.3.3 Resultant bending moment of different tibia cross-sctions for different impact points with variation of
vehicle velocities.
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8.4 Head and Brain

8.4.1 Head impact velocity and head resultant linear acderation
curves for different vehicle velocities and impacpoints.

Small PV

Figure 8.1 Resultant head impact velocity (leftYl aasultant head acceleration
(right) for impact point P1

Figure 8.2: Resultant head impact velocity (lefiflaesultant head acceleration
(right) for impact point P3

Figure 8.3: Resultant head impact velocity (lefidaesultant head acceleration
(right) for impact point P5
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Large PV

Figure 8.4: Resultant head impact velocity (lefifaesultant head acceleration
(right) for impact point P1

Figure 8.5: Resultant head impact velocity (lefidaesultant head acceleration
(right) for impact point P3

Figure 8.6: Resultant head impact velocity (lefifaesultant head acceleration
(right) for impact point P5
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Small SUV

Figure 8.7: Resultant head impact velocity (lefidaesultant head acceleration
(right) for impact point P1

Figure 8.8: Resultant head impact velocity (lefidaesultant head acceleration
(right) for impact point P3

Figure 8.9: Resultant head impact velocity (lefiaesultant head acceleration
(right) for impact point P5
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Large SUV

Figure 8.10: Resultant head impact velocity (laftfl resultant head acceleration
(right) for impact point P1

Figure 8.11: Resultant head impact velocity (lefty resultant head acceleration
(right) for impact point P3

Figure 8.12: Resultant head impact velocity (lefty resultant head acceleration
(right) for impact point P5
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8.4.2 HIC15 and BrIC values from THUMS model with rigid head
and THUMS wih advanced KTH head.

I ( a 2(3*-4 " 1 "
Simulation Vehicle Vehicle Impact HIC1s BriC
no. model speed point
(km/h)

1 Small PV 40 Pl 2.33 1.11
2 Small PV 40 P3 1.00 (N) 1.00 (N
3 Small PV 40 P5 0.19 0.87
4 Large PV 40 Pl 0.36 0.98
5 Large PV 40 P3 0.41 0.97
6 Large PV 40 P5 0.58 0.74
7 Small SUV 40 Pl 1.18 0.96
8 Small SUV 40 P3 1.02 0.97
9 Small SUV 40 P5 0.60 0.74
10 Large SUV 40 P1 1.31 1.19
11 Large SUV 40 P3 1.32 1.23
12 Large SUV 40 P5 1.31 1.26
13 Small PV 25 P1 0.17 0.61
14 Small PV 25 P3 error error
15 Small PV 25 P5 0.06 0.61
16 Large PV 25 P1 0.04 0.68
17 Large PV 25 P3 0.02 0.74
18 Large PV 25 P5 0.05 0.60
19 Small SUV 25 P1 0.04 0.70
20 Small SUV 25 P3 0.06 0.75
21 Small SUV 25 P5 0.05 0.60
22 Large SUV 25 P1 0.09 0.85
23 Large SUV 25 P3 0.08 0.87
24 Large SUV 25 P5 0.06 0.85
25 Small PV 50 P1 0.79 1.11
26 Small PV 50 P3 1.74 1.17
27 Small PV 50 P5 0.71 1.03
28 Large PV 50 P1 2.20 1.18
29 Large PV 50 P3 1.43 1.10
30 Large PV 50 P5 0.56 0.91
31 Small SUV 50 P1 1.76 1.12
32 Small SUV 50 P3 1.39 1.19
33 Small SUV 50 P5 2.45 1.17
34 Large SUV 50 P1 error error
35 Large SUV 50 P3 error error
36 Large SUV 50 P5 2.16 1.44
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I (1 2(
Simulation | Vehicle Vehicle Impact point| HIC1s BriC
no. model speed
(km/h)
37 Small PV 40 P1 2.22 1.08
38 Small PV 40 P3 0.92 1.01
39 Small PV 40 P5 0.58 0.88
40 Large PV 40 P1 error error
41 Large PV 40 P3 0.21 0.99
42 Large PV 40 P5 0.91 0.78
43 Small SUV 40 P1 error error
44 Small SUV 40 P3 0.57 1.02
45 Small SUV 40 P5 0.31 0.93
46 Large SUV 40 P1 0.68 1.32
47 Large SUV 40 P3 0.61 1.26
48 Large SUV 40 P5 0.55 1.25
49 Small PV 25 P1 0.12 0.71
50 Small PV 25 P3 0.10 0.77
51 Small PV 25 P5 0.05 0.61
52 Large PV 25 P1 0.02 0.71
53 Large PV 25 P3 0.02 0.76
54 Large PV 25 P5 0.04 0.62
55 Small SUV 25 P1 0.03 0.75
56 Small SUV 25 P3 0.04 0.71
57 Small SUV 25 P5 0.02 0.65
58 Large SUV 25 P1 0.05 0.94
59 Large SUV 25 P3 0.06 0.92
60 Large SUV 25 P5 0.31 1.02
61 Small PV 50 P1 1.69 1.14
62 Small PV 50 P3 1.73 1.04
63 Small PV 50 P5 1.11 1.00
64 Large PV 50 P1 2.38 1.10
65 Large PV 50 P3 1.77 1.00
66 Large PV 50 P5 1.09 0.90
67 Small SUV 50 P1 0.91 1.11
68 Small SUV 50 P3 0.85 1.28
69 Small SUV 50 P5 1.44 1.14
70 Large SUV 50 P1 1.44 1.5155
71 Large SUV 50 P3 1.44 1.4954
72 Large SUV 50 P5 error error
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8.4.3 Maximum principal strain in brain for different veh icle

velocities and impact points.

Vehi | THU | Brain Injury (25km/h) Brain Injury Brain Injury (50km/h)
cle MS (40km/h)
mode| positi

I on
Smal| P1

| PV
Smal| P3

| PV
Smal| P5

| PV

Larg P1

e PV

Error

Larg P3

e PV

Larg P5

e PV
Smal| P1

I

SUvV

Error
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Smal

SUV

P3

Smal

SuUvV

PS5

Larg

SUV

P1

Larg

SUV

P3

Larg

SuUvV

PS5

error
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