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ABSTRACT 
 
 
 
 

Motor Vehicle Crash statistics globally indicate that pedestrians make up the second 
largest category of fatalities after vehicle occupants. Pedestrian kinematics during the 
crash event with the vehicle has been shown to significantly affect the injury 
mechanism contributing to severe injuries to the head in particular. The paediatric 
population stands at significantly higher risk of sustaining heavy casualties during 
pedestrian vehicle impact compared to adults as they face an additional fatal risk of 
the vehicle running over them following the initial impact. This work aims to achieve 
an optimized vehicle front end profile which caters for improved protection for both 
adult and child pedestrian groups and simultaneously avoiding the Run-over scenario. 
A hybrid vehicle front end model is developed, and subjected to extensive validation. 
It is found that despite the simplified structure, the model’s deformability provides 
excellent kinematic accuracy to better capture vehicle-impact, pedestrian fall patterns 
and corresponding injury values. The hybrid case model records similar impact 
locations with the verification models for the three tested speeds of 40,32 and 25 
km/h. The HIC values for these three cases showed an error margin of + 200.The fall 
pattern of the case model closely conforms to the PHMS verification model. The 
model offers the distinct advantages of relatively fast processing speed as well as ease 
of modifications due to its simple profile, which satisfy the criteria necessary for a 
multi-parameter optimization study. The processing speed is reduced approximately 
by 705 times achieving 99.85% efficiency in CPU time in comparison to a full FE 
vehicle model using the similar processing capacity. Design of Experiments (DoE) 
using the Central Composite Design (CCD) is initially utilized in which, a total of 100 
computational runs are generated. The Head Injury Criteria (HIC) results from the 
simulations are tabulated as the response functions.  Polynomial Response Surface 
Method (RSM) is used to generate mathematical models. Thereafter, the Latin 
Hypercube Sampling (LHS) design is used with 80computational runs and the 
mathematical models are generated using the Radial Basis Function (RBF).  A 
comparison is made between the CCD-RSM models and the LHS-RBF models. The 
CCD-RSM models fitness is at 82.66% with a RMSE of 0.058 and the LHS-RBF has 
a fitness of 99.91% and a RMSE of 0.044. This clearly indicates that the LHS-RBF 
pair is best suited for optimization work. Optimization is performed using Genetic 
Algorithm. Unconstrained optimization is carried out separately for adults and for 6 
year old child. A combined Adult-Child optimization is carried out as well. The 
individual adult optimized design and the child optimized design are shown to be not 
mutually applicable to each other i.e., HIC for Adult-Opt is 115.09 and using the 
similar optimized vehicle for the child records a HIC of 1797.4. The combined 
optimized profile however indicates high probability of Run-over scenario occurring 
for the child pedestrian, which invalidates the design. Thus, the Run-over occurrences 
from the DoE data are mapped using Logistic Regression and the resultant 
mathematical model is introduced as a constraint for the combined optimization. The 
final optimized model is shown to achieve a safe vehicle front-end profile with 
Combined-opt showing an  observed HIC of 181.92,  and Adult and Child-opt each 
respectively  record a HIC of 209.34 and 195.47 successfully addressing both adult 
and child pedestrians, while simultaneously avoiding Run-over scenarios. 



 

iii 

 

  ملخص البحث
 
 
 
 

 علـــــــــــم الحركـــــــــــة للمشـــــــــــاة أثنـــــــــــاء الحـــــــــــدث تحطـــــــــــم يؤثـــــــــــر تـــــــــــأثيرا كبـــــــــــيرا علـــــــــــى
ــــــــــرأس الشــــــــــديدة الــــــــــتي تكــــــــــون فيهــــــــــا ــــــــــي إصــــــــــابات ال ــــــــــة تســــــــــهم ف  إصــــــــــابة آلي
ـــــــــب دورا حيويـــــــــا. تـــــــــم تطويـــــــــر نمـــــــــوذج أمـــــــــامي ـــــــــة الســـــــــيارة يلع  الهندســـــــــة الأمامي
ـــــــــــى ســـــــــــبعة ـــــــــــات واســـــــــــعة النطـــــــــــاق. اســـــــــــتنادا إل ـــــــــــة، وتعـــــــــــرض لإثب  ســـــــــــيارة هجين
ـــــــة المعلمـــــــات ـــــــة نهاي  التصــــــــــميم. علــــــــــى الــــــــــرغم مــــــــــن تبســــــــــيطها، وســــــــــهلة الأمامي
 لتعـــــــــــديل هيكـــــــــــل، ويوفـــــــــــر التشـــــــــــوه للنمـــــــــــوذج دقـــــــــــة حركيـــــــــــة ممتـــــــــــازة لالتقـــــــــــاط
ـــــــــــأثير، وأنمـــــــــــاط ســـــــــــقوط المشـــــــــــاة والإصـــــــــــابات. بالإضـــــــــــافة  أفضـــــــــــل ســـــــــــيارة للت
ــــــــك، فــــــــإن النمــــــــوذج يضــــــــم ســــــــريعة نســــــــبيا ســــــــرعة المعالجــــــــة. يســــــــتخدم ــــــــى ذل  إل
 تصــــــــــميم لدراســــــــــة زارة (LHS) اللاتينيـــــــــــة المكعـــــــــــب الزائـــــــــــدي أخـــــــــــذ العينـــــــــــات
ـــــــــم إنشـــــــــاء النمـــــــــاذج الرياضـــــــــية باســـــــــتخدام وظيفـــــــــة أســـــــــاس شـــــــــعاعي  الطاقـــــــــة. يت
(RBF). يتــــــــــــم تنفيــــــــــــذ غــــــــــــير المقيــــــــــــدة. وتظهــــــــــــر تصــــــــــــميم الكبــــــــــــار الأمثــــــــــــل 
 الفرديـــــــــــــــــة وتصـــــــــــــــــميم طفـــــــــــــــــل الأمثـــــــــــــــــل لتكـــــــــــــــــون غـــــــــــــــــير قابلـــــــــــــــــة للتطبيـــــــــــــــــق
 بصـــــــــــورة متبادلـــــــــــة لبعضـــــــــــها البعـــــــــــض. ومـــــــــــع ذلـــــــــــك الشخصـــــــــــى الأمثـــــــــــل جنبـــــــــــا
 تمــــــــــــــال كبــــــــــــــير لطفــــــــــــــل الســــــــــــــيناريو الــــــــــــــدهس الــــــــــــــتيإلــــــــــــى جنــــــــــــب يشــــــــــــير اح
 تحــــــــــدث. لــــــــــذلك، يتــــــــــم تعييــــــــــن حــــــــــوادث الــــــــــدهس مــــــــــن بيانــــــــــات وزارة الطاقــــــــــة
ـــــــــــــــديم موديـــــــــــــــل رياضـــــــــــــــي الناتجـــــــــــــــة  باســـــــــــــــتخدام الانحـــــــــــــــدار اللوجســـــــــــــــتي وتق
ــــــــــل النهــــــــــائي يحقــــــــــق آمــــــــــن  كعــــــــــائق لتحســــــــــين مجتمعــــــــــة. هــــــــــذا النمــــــــــوذج الأمث
ـــــــــــة، والتصـــــــــــدي بنجـــــــــــاح كـــــــــــل مـــــــــــن المشـــــــــــاة ال ـــــــارلمحـــــــــــة الســـــــــــيارة الأمامي  كب

  .كــــــــثرأ والأطفــــــــال، مــــــــع تجنــــــــب تشــــــــغيل فــــــــي وقــــــــت واحــــــــد بيــــــــن
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CHAPTER ONE 
 

INTRODUCTION 
 
 
 

1.1 INTRODUCTION 

Pedestrian injuries pose a significant problem throughout the globe. More than a third 

of the 1.2 million people killed and the 10 million injured annually in road traffic 

crashes worldwide are pedestrians (World Bank, 2002). In Malaysia, police statistics 

show that pedestrians rank third in road fatalities after motorists and motorcyclists 

(MIROS Report, 2011). In comparison to the injuries sustained by vehicle occupants, 

pedestrians sustain more multi-system injuries, with concomitantly higher injury 

severity scores and mortality (Brainard, 1986; Crandall et al., 2002)). This is also true 

for children who make up one quarter of these figures, where fatality and severity of 

injury is much more likely (Brainard, 1986). In motor vehicle-pedestrian crashes, head 

injuries are frequently the most common injury types, often leading to lifelong 

disabilities. Statistically, they also record the highest fatality occurrence (Otte, 1999; 

Maki et al., 2003; Pedestrian Safety Working Group 2001). Much effort has been 

extended in addressing this problem including law enforcement, increasing awareness, 

active and passive vehicle safety enhancement, and legislation. The existing literature 

abounds with researches of this nature. In this regard, one effort is the study of the 

relationship between vehicle front-end shape and the ensuing pedestrian fall pattern 

and kinematics for improved injury mitigation.  

About 84% of all pedestrian fatalities involve frontal impacts and it is found that 

the vehicle front-end structure plays a key role in the determination of severity of 

injuries (Crandall et al., 2002; Liu et al., 2003). Literature shows that apart from the 
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impact velocity, the vehicle’s front-end contour is considered the most crucial vehicle 

design related factor in determining pedestrian kinematics (Kuehn et al., 2003; Liu et 

al., 2003; Carter et al., 2005). The resulting post-impact kinematics of the pedestrian in 

turn, determines the head impact locations, impact angle and head impact speed which 

finally influence the injury outcome (Kuehn et al., 2003; Liu et al., 2003; Yong et al., 

2012). Although injuries to the lower extremities are generally attached to long term 

consequences, it is well established that the major cause of pedestrian fatality is due to 

injuries sustained on the head (Liu et al., 2003; Yao et al., 2007). Due to the non-linear 

nature of the problem, optimization of the vehicle geometry has not been a direct affair. 

Nevertheless, the usage of statistical methods and evolutionary optimization techniques 

has generated efforts in this direction. However, almost all of these are catered for 

mostly singular groups of adult pedestrians (Liu et al., 2003; Carter et al., 2005). In the 

determination of injury severity, studies of pedestrian post kinematics show that 

vehicle front-end geometry affects child and adult pedestrians in a different ways and 

as such the optimized profiles are shown to be not mutually applicable for safety. 

Furthermore, Run-over scenario is observed in child pedestrian optimized profiles, 

where its occurrence invalidates the optimization (ITARDA 2009; Serre et al., 2010; 

Bronwyn et al., 2011).  This is a scenario where following impact, the child is knocked 

down in front of the vehicle and is run over by it instead of rolling over the vehicle and 

falling relatively safely to the side. Such an event serves a potentially greater fatality 

risk than primary impact induced head injuries (Bronwyn et al., 2011). Difficulties 

therefore are encountered in mitigation efforts involving both pedestrian groups 

(Kramlich et al., 2002; Peng et al., 1999; Carter et al., 2005; Zhao et al., 2010). 

Another consideration is that majority of these studies are done using the multi-body 

dynamics environment which offers the advantage of fast modeling and processing 
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speed coupled with model simplicity (Liu et al., 2003; Dunmore et al., 2006). 

However, due to the exclusive use of rigid bodies, one major drawback is that multi 

body modeling method does not consider deformation properties. As local 

deformations of the vehicle body due to impact may significantly affect the kinematics 

of the pedestrian fall and hence the corresponding injury, the use of a deformable 

simplified Finite Element (FE) model is deemed more advantageous than the use of 

rigid bodies (Liu et al., 2003). 

Therefore, this study emphasizes on the development of a deformable vehicle 

front-end hybrid model built using simple finite element profile shapes and a multi-

body plane. This model is designed to be optimization-friendly, i.e., having simple, 

easily modifiable profile geometry with economical processing time.  Multiple 

optimizations are then performed upon this vehicle front-end profile in the interest of 

achieving an optimized vehicle front-end profile design which offers mutual safety for 

both groups while simultaneously avoiding Run-over scenarios for child pedestrians. 

 

1.2 PROBLEM STATEMENT AND RESEARCH SIGNIFICANCE 

The shape or contour of a vehicle front end is customarily designed according to 

aerodynamics, engine packaging, manufacturability, occupant safety, and styling. With 

the rising concerns over pedestrian safety in the recent years (Niederer et al., 1984; 

Kuehn et al., 2003; Carter et al., 2005; Zhao et al., 2010), much has been done to create 

additional safety features onto vehicles to improve and mitigate pedestrian injuries, i.e. 

deployable airbags at hood and A-pillar, intelligent speed assistants (ISA), laser active 

night vision and thermal imaging for better visibility and detection, braking 

optimization such as brake assist etc. (Crandall et al., 2002).  Nevertheless, some of 
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these additional features are considerably expensive and highly unlikely to be market 

friendly and hence do not serve their purpose fully. Thus, a more design inherent 

approach is required in which the pedestrian protection provided is built-in to the 

vehicle design. This passive pedestrian-vehicle safety measure involves a two-fold 

approach. The first approach involves the control of the stiffness of vehicle parts such 

as the bumper, bonnet and windscreen-A-pillars that will tend to deflect upon impact 

and in so doing, serve to dissipate shock and thus reduce injury. Liu et al. (2002), 

Svobodha et al. (2003), Simms et al. (2006) , Lange et al. (2006) and Han et al.( 2012), 

reported that the vehicle stiffness plays a big role on the resultant injury of the struck 

pedestrian especially on the head and the lower limb regions.  

The second approach involves the study of the collision kinematics between the 

pedestrian and the vehicle whereby the pedestrian size, angle of approach, vehicle 

speed and vehicle front-end geometry dictate the motion of the human body upon 

impact and the determination of the likelihood of areas of impact. Ishikawa et al., 

(1993) and Liu et al., (2003) in their study reported that stiffness properties of the 

vehicle structure have little influence on the kinematic motion of the pedestrian during 

an impact. It is also found that the shape of the vehicle’s front-end is the most 

important design related factor in determining pedestrian kinematics which in turn 

determines the injury outcome (Lange et al., 2006; Liu et al., 2003; Carter et al., 2005). 

Higuchi et al. (1991), Ishikawa et al., (1993) and Liu et al. (2003) studied the effects of 

the vehicle front-end structure on adult pedestrian injuries by investigating the 

relationship between the vehicle front-end profiles such as the bonnet leading edge 

height, bumper height and bumper lead on the head impact speed but not on combined 

effects. Liu et al. (2003) did a parametric study to show the interaction between the 

vehicle parameters on the head impact conditions and injury responses of a child 


