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Abstract

ABSTRACT

Motor vehicle-related pedestrian road traffic collisions are a major road safety
challenge and a leading public health issue, since they are a primary cause of death
and serious injury worldwide. In many developing countries, the auto-rickshaw—a
three-wheeled vehicle with a canvas roof and side curtains — poses a significant risk to
pedestrian safety due to the poor impact energy absorption of its structures and
materials.

This study presents a parametric and comparative analysis of auto-rickshaw-related
pedestrian impacts and pedestrian-ground impacts by computational simulation, using
a Finite Element model of an auto-rickshaw and LS-DYNA, 50'" percentile adult male
and six-year-old child Hybrid 11l Anthropometric Test Devices (dummies). The
comparative study explored the kinematic responses and injury metrics associated with
both adults and children impacted by an auto-rickshaw, as well as the most commonly
impacted areas of an auto-rickshaw and the injury metrics for the adult pedestrian
produced by primary and secondary impacts.

The output data of the impact simulation was correlated against reported injury
metrics, Head Injury Criterion, Neck Injury Criterion, Combined Thoracic Index,
Injury Abbreviated Injury Scale and reported risk level. The results suggest that adult
pedestrians are subjected to a relatively high risk of head, neck and chest injuries
during primary impacts at 10, 20 and 35km/h, respectively, and some of the impact
simulations suggest a risk of fatality. The 6YO-child pedestrians are at risk of serious
head and neck injury at 10 and 15km/h, respectively.

During secondary impacts, defined as impacts with a floor surface, head and neck
injuries produced from ground contact are significant, including fatal injury, at 10km/h
and greater, while insignificant chest injuries were observed at 40km/h. Vehicle impact
response was investigated and Aluminium-6016-T4 and magnesium-AZ31B
windscreen frame materials and a polycarbonate windscreen were found to produce
the lowest injury risk of all the materials investigated whilst offering the greatest safety
at the lowest cost.

The present study provides valuable evidence for informing a series of
recommendations and guidelines to make the auto-rickshaw safer during impacts with
pedestrians.

Overall, it has found that impact velocity, vehicle contact region, impact position and
pedestrian size significantly influence the post-kinematic response of a pedestrian
impacted by an auto-rickshaw and injury risk during primary and secondary impacts.
Moreover, child pedestrians are subject to a relatively higher risk, compared to adults,
during primary impacts. Secondary impacts were associated with a greater risk of head
and neck injuries compared to primary impacts, even at low-impact velocities.
Secondary impacts, however, produced much lower chest injury risk compared to
primary impacts. Thus, even at relatively low impact velocities, the auto-rickshaw
cannot be considered a ‘pedestrian friendly’ vehicle for use in urban areas.
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Future suggestions to reduce the injury risk level and increase the safety of the auto-
rickshaw should be the implementation of strict safety regulations and, or,
consideration of engineering solutions, such as retrofitting injury mitigation
technologies to those auto-rickshaw contact regions which pose the greatest risk of
producing pedestrian injury. In addition, modification of the frontal end geometry of
the vehicle is recommended to ensure that injury risk is minimised during primary and
secondary impacts.



Acknowledgements

ACKNOWLEDGEMENTS

The work in this thesis was achieved with the support of many people that I would like
to thank

I would like to thank my sponsor who provided me an opportunity to join the Higher
Committee of Education Development in Irag (HCED) scholarship program. Without

their and Cardiff University support it would not be possible to conduct this research.

I would like to thank my supervisors, Dr. Michael Jones and Dr. Allan Masson Jones,
for their motivation, encouragement, advice, continuous support of my Ph.D. study,
and immense knowledge. Their guidance help me in my research and writing of this
thesis.

Besides my supervisors, | would like to thank the School of Engineering research
office staff for their support through all the duration of my Ph.D.

Every step of my academic progress and personal achievements would not be possible

without out the support, prayers, and faith of my parents.

This work would never be complete without the patience, constant encouragement,
sacrifices and support of my beloved wife and soul mate Nufooth and my daughters

and son to you | dedicate every accomplishment in my life.



Table of contents

TABLE OF CONTENTS

ABSTRACT ..o I
ACKNOWLEDGEMENTS. ... v
TABLE OF CONTENTS . ... \%
LIST OF FIGURES. ... .o XV
LIST OF TABLES. ...ttt XXI
LIST OF ABBREVIATIONS. . ... XX
1. INTRODUCTION & LITERATUREREVIEW..........oooiiiiiiiiiiie 1
L1 INtrodUCHON. ..o.ueiie e 1
1.2 Published OUtCOMES. .. ..ot 3
1.3 Road accident data............ocouiuiiiiiniiiii i 4

1.3.1 Pedestrian injury patterns and injury severity according to body regions during

primary and secondary IMPaCS. ........oueiniieiit e 8
1.4 Anatomy and injury risK..........ooiiiiii 12
1.4.1 Head anatomy and injury risk..............oooiii 12
1.4.2 Neck anatomy and injury risk............coooiiiiiiiiiii 15
1.4.3 Chest anatomy and injury risk.............oooveiiiiiiii e 17
1.5 Injury criteria and thresholds.............c.oooii i 18
1.5.1 Head injury criteria and thresholds...................ocooo 18
1.5.2 Neck injury criteria and thresholds...............ooooiiiiiii 21
1.5.3 Chest injury criteria and thresholds.................cooiiiiiiiiiiii i 23
1.6 The major factors influencing pedestrian kinematic response, injury patterns and
injury risk during primary and secondary impacts................ccoeeeiiiiiiinianinn... 24
1.6.1 VehiCle factors. .. ....ouvuininii i 25
1.6.1.1 Vehicle frontal geometry..........ccviuiiniiiiiii e 25
1.6.1.2 Vehicle impact VeloCity..........oouiiuiiiiiii e 28
1.6.1.3 Vehicle Impact T€ZION. ........ouiiniitiit i 31



Table of contents

1.6.2 Pedestrian factors.........ooueiueiiii i 32
1.6.2.1 Pedestrian age and S1Z€..........c.ovriiriiiiiiniiitiie i 33
1.6.2.2 Pedestrian impact position and pOStUIe.............cevvivriiiniirinriianeannns 35
1.7 Passive and active safety approaches.............ocovvvriiiiiiiiiiiiiiiiiiieeene, 37
17,1 ACtiVe Safety. ..o e 37
1.7.2 PasSIVE SAfety......oovitit i, 37
1.7.2.1 ATUMINIUML. ...t e 39
N Y ;o 1 11 L 111 s D 40
1.7.2.3 Polycarbonate............ooiuiiuiiii i 41
1.8 Cost-Benefit-Analysis (CBA) and road traffic accidents costs.................... 42
1.9 Finite Element Analysis (FEA)........cooiiiii e, 43
1.9.1 IMPACt test AUMMUIES. .....eintitt ettt et et e e e eaeeeenans 45
1.10 TRESIS StIUCUI®. ...ttt ettt et et eee s 48
2. METHODS. ... 50
2.1 INtroOdUCHION. ... 50
2.2 MOACIIING. ...ttt e 52
2.2.1 Mathematical model.............ooiiiiiii i 52
2.2.2 Physical model....... ..o e o4
2.2.3 Code deSCIIPION. ... .uueetit ettt 54
2.2.4 Computational vehicle model..............c..ooiiiiiiiiiii 54
2.24.1 Mesh quality........oooiiiiii 55
2.2.4.2 Mesh eneration........co.uieuiiiit ettt 95
2.2.4.3 Material properties and thicknesses of the vehicle components............... 62
2.2.4.4 Vehicle model simplification.................oooiiiiiiiiiiiiii 62
2.2.4.5 Vehicle components CONStraiN. ........ooueuiueinereintiiteiiienieeeeneen, 64
2.2.5 Pedestrian models. ........o.oiiniiii i 65
2.2.5.1 Converting position of the 6YO-child dummy....................coooiiiiinnn, 66

Vi



Table of contents

2.3 Impact simulation enVIrONMENt. ........o.vevutiietiie e eiie e eieeaeeanaenns 69
2.3.1 Pedestrian impact positions and vehicle contact regions......................... 69
2.3.2 Contact types and friction coefficients.............ccovviiiiiiiiiiiiiiiianiinn.ns 70
P T I € (01T 1 0TS P 73
2.3.4 Impact velocity and gravity..........ooeveieiiiiiiiiiiiii i 73
2.3.5 SOIULION CONLIOL. ... ..ot 74
2.3.6 Database definition for results collections..............coovvviiiiiiininnennn 74
2.3.7 Results filter and freqUeNCy.........ccooviiiiiiiiii i 75
2.4 EXpected 1eSUILS. ...t 75
2.4.1 Post kinematic response in the primary and secondary impacts................. 75
2.4.1.1 Head contact 1ocation............oviuiiiriiiiii i 75
2.4.1.2 Head contact angles...........ovviuiiniiriiiiti i 75
2.4.1.3 Head contact time........o.uvuieineettit it 75
2.4.1.4 TRrow diStanCe.........eeuuiiieieitt et e e e e aeeeneenns 76
2.4.2 Selected injury parameters in the primary and secondary impacts.............. 76
2.4.2.1 Headinjuryandrisklevel..............oooiiiiiiiiiii 76
2.4.2.2 Upper neck injury and risk level..............ooo 77
2.4.2.3 Chestinjury and risk level.............c.oooiiiiiiiiii 80
2.5 Auto rickshaw engineering modifications for adult pedestrian safety

ENNANCEMENT. . ...\t 81
2.6 Brief Cost-Benefit-Analysis (CBA).........coivriiiiiiiiie e 83
3. RESUL T S 85
3.1 INtrOAUCHON. ...ttt e 85
3.2 Primary IMPacts........oviniiiit i 86

3.2.1 Kinematic response during primary impacts.....................cecevevneee.....86

3.2.1.1 Kinematic response during impacts at the vehicle’s centreline................ 89

vii



Table of contents

3.2.1.2 Kinematic response at impacts 42cm offset from the vehicle’s

(012 01 =] 0= PN 91
3.2.2 Head contact locations and angles during primary impacts...................... 94
3.2.3 Head contact time duration during primary impacts ...................oeeeene. 96

3.2.3.1 Head contact time duration during impacts at the vehicle’s
2118 (S 111 (ST 96

3.2.3.2 Head contact time duration at 42cm offset from the vehicle’s
15113 1) 101 (=PI 96

3.2.4 Head injury criterion and injury risk level during primary
11001 0 101 - N 96

3.2.4.1 Head injury criterion and risk level during primary impacts at the vehicle’s
CENICIING. ... et e e O T

3.2.4.2 Head injury criterion and risk level at primary impacts 42cm offset from the
VENICIE™S CENIIElINE. ... .ei et 99

3.2.5 Upper neck injury criteria and injury risk level during primary
110107211 £ 102

3.2.5.1 Upper neck injury criteria and risk level during primary impacts at the
VENICIE™S CENIIElINE. ... .\t 102

3.2.5.2 Upper neck injury criteria and risk level at primary impacts 42cm offset

from of the vehicle’s centreline..............c.oiiiiiiiiiii 104
3.2.6 Chest contact locations during primary impacts............ccccoeevererererieennn. 105
3.2.7 Chest contact time duration during primary impacts............................ 105

3.2.8 Chest injury criteria and injury risk level during primary

1100 o 161 - S PP 106
3.3 Secondary IMPaCES........o.eitieintit e 107
3.3.1 Kinematic response during secondary impacts...............cceoeeuenininen.n. 107

3.3.1.1 Kinematic response during secondary impacts at the vehicle’s
(2118 (5] 111 1T R 107

3.3.1.2 Kinematic response during secondary impacts at 42cm offset from the
VENICIE™S CENtIEliNe. ... .ot e 108

3.3.2 Throw diStancCe.....ooveeeeeee e 113



Table of contents

3.3.2.1 Throw distance at the vehicle’s centreline...........ccooveeeeeii i, 113
3.3.2.2 Throw distance at 42cm offset from the vehicle’s centreline................ 114

3.3.3  Comparison of the kinematic response of an adult pedestrian during impact
a Real-World accident with simulations...............c.ocoiiiiiiiiiiiii e, 114

3.3.4  Head injury criterion and injury risk level during secondary impacts...... 115

3.3.4.1 Head injury criterion and injury risk level during secondary impacts at the
vehicle’s Centreline. ... ..o 116

3.3.4.2 Head injury criterion and injury risk level during secondary impacts at 42cm
offset from the vehicle’s centreline...............ocoiiiiiiiiiiii e, 117

3.3.5 Upper neck injury criteria and injury risk level during secondary........... 118

3.3.5.1 Upper neck injury criteria and injury risk level during secondary at the
vehicle’s CeNtICliNe. ... ..o, 118

3.3.5.2 Upper neck injury criteria and injury risk level during secondary at 42cm
offset from the vehicle’s centreline................coooiiiiiiiiiiiiiii e, 119

3.3.6 Chest injury criterion and injury risk level during secondary impacts....... 122

3.3.6.1 Chest injury criterion and injury risk level during secondary impacts at the
vehicle’s CeNIEliNg. ... ...ouirii it 122

3.3.6.2 Chest injury criterion and injury risk level during secondary impacts at 42cm

offset from the vehicle’s centreline. ............ooooviiiiiiiiiii e 123
3.4 The sensitivity of the model contact parameters..................ccoeoeiiiiinnn 125
3.4.1 Primary IMPaCS. ... o.uuetttit ettt e et 125
3.4.1.1 KiNEMALIC FESPONSE. ...\ utt ettt ettt et et et e et et et e e e e e e e eaeaans 125
34 1.2 Head INJULY . ..ottt e e e e e 125
3.4.2 Secondary IMPACTS. ......uieteet ettt ettt e 126
3.4.2.1 KiNEMALIC rESPOMSE ... eueneeeeet ettt et et et et et et e e e 126
3.4.2.1.1 Original Case SCENAIIO. ... .uutuutentettetteitt et ete et eeeete et eeeneneaeans 126
3.4.2.1.2 FIrst CaSE SCENANO. .. .. e.eneneneneee et et et 126
3.4.2.1.3 Second CaSe SCENATIO. ... ...euuent ettt ettt et et e e e aaenes 127
3.4.2.1.4 TRIrd Case SCENANO. ... .uun ettt e e 127



Table of contents

3.4.2.1.5 FOUIth CaSE SCENAIIO. ... ..uieeeeeeie et e et et eeee e 127
3.4.2.1.6 Fifth CaSE SCENANO. .....euetenie et 127
3.4.2.1.7 SIXtN CASE SCENAITO. ... ettt e 127
3422 Head INJUIY....ntintii et et 129

3.5 Comparison between primary and secondary impacts for adult pedestrian....129

3.5.1 Head injury criterion and injury risk level during primary and secondary
10101072 T £ 130

3.5.1.1 Head injury criterion and injury risk level during primary and secondary
impacts at the vehicle’s centreline...............ooooiiiii i, 130

3.5.1.2 Head injury criterion and injury risk level during primary and secondary
impacts at 42cm offset from the vehicle’s centreline........................ooe il 132

3.5.2 Upper neck injury criteria and injury risk level during primary and secondary
000 02 T £ 135

3.5.2.1 Upper neck injury criteria and injury risk level during primary and
secondary impacts at the vehicle’s centreline.................cooeviiiiiiiiiiinnenn.. 135

3.5.2.2 Upper neck injury criteria and injury risk level during primary and
secondary impacts at 42cm offset from the vehicle’s centreline...................... 137

3.5.3 Chest injury criterion and injury risk level during primary and secondary
000 02T £ 140

3.5.3.1 Chest injury criterion and injury risk level during primary and secondary
impacts at the vehicle’s centreline...............ooooiiiiiiiiii i, 140

3.5.3.2 Chest injury criterion and injury risk level during primary and secondary
impacts at 42cm offset from the vehicle’s centreline.....................oooiinn. 142

3.6 Auto rickshaw engineering modification for adult pedestrian safety
ENNANCEIMENL. ...ttt 145

3.6.1 Head injury and injury risk level during primary impacts after vehicle
MOATTICATIONS. . .ottt ettt et e et e e et et e e e 145

3.6.1.1 Head injury and injury risk level during primary impacts after vehicle
modifications at the vehicle’s centreline...................ooooiiiiiiii i 145

3.6.1.2 Head injury and injury risk level during primary impacts after vehicle
modifications at 42cm from the vehicle’s centreline.....................ccoo 147



Table of contents

3.6.2 Upper neck injury and injury risk level during primary impacts after vehicle
MOAITICAtIONS. ...\ttt e 149

3.6.2.1 Upper neck injury and injury risk level during primary impacts after vehicle
modifications at the vehicle’s centreline..............coooiiiiiii i 149

3.6.2.2 Upper neck injury and injury risk level during primary impacts after vehicle
modifications at 42cm from the vehicle’s centreline.....................ocoeiennn.n. ,,-151

3.6.3 Chest injury and injury risk level during primary impacts after vehicle
MOAITICAtIONS. ...\t e 153

3.6.3.1 Chest injury and injury risk level during primary impacts after vehicle
modifications at the vehicle’s centreline.................oooiiiiiiiiiii s 153

3.6.3.2 Chest injury and injury risk level during primary impacts after vehicle
modifications at 42cm from the vehicle’s

(415311 ¢<) 11 T T PP 154
A, DISCUSSION. ...ttt 156
T B U3 (0T L Lo 0 s DS 156
4.2 Primary TMPACES. .. ..ttt ettt et e et e 157
4.2.1 Kinematic response during primary impacts...............ccveeiieniiiineinnnnn, 157
4.2.1.1 Kinematic response during impacts at the vehicle’s centreline............. 158

4.2.1.2 Kinematic response at impacts 42cm offset from the vehicle’s centreline.159

4.2.2 Head contact locations and angles during primary impacts .................... 160
4.2.3 Head contact time duration during primary impacts..................cceeevee. 162
4.2.3.1 Head contact duration during impacts at the vehicle’s centreline........... 162

4.2.3.2 Head contact time duration at 42cm offset from the vehicle’s centreline.164
4.2.4 Head injury criterion and injury risk level during primary impacts........... 166

4.2.4.1 Head injury criterion and risk level during primary impacts at the vehicle’s
(415311 (<) 11 T TP PPR 167

4.2.4.2 Head injury and risk level at primary impacts 42cm offset from the vehicle’s
(073113 (<) 11 T 168

4.2.5 Upper neck injury and injury risk level during primary impacts.............. 170

Xi



Table of contents

4.2.5.1 Upper neck injury and risk level during primary impacts at the vehicle’s
073818 (<3 B30T 171

4.2.5.2 Upper neck injury and risk level at primary impacts 42cm offset from of the

VENICIE™S CENTIEIINE. ... .t 173
4.2.6 Chest contact locations during primary impacts................ccoeeveuieninneenn. 177
4.2.7 Chest contact duration during primary impacts................coeeeerenrennnn.. 178
4.2.8 Chest injury and injury risk level during primary impacts...................... 178
4.3 Secondary IMPaCES. ... ...eineteti ittt et e e e e e iae e aaaas 180
4.3.1 Kinematic response during secondary impacts................c.coeevirininnnnn 180

4.3.1.1 Kinematic response during secondary impacts at the vehicle’s centreline.180

4.3.1.2 Kinematic response during secondary impacts at 42cm offset from the

VENICIE S CENEIEIINE. ... .ttt e e e 182
4.3.2 Throw diStancCe.........ovuieuiintiitt ettt e 184
4.3.2.1 Throw distance at the vehicle’s centreline.....................cocoviiiiinn 184
4.3.2.2 Throw distance at 42cm offset from the vehicle’s centreline................. 185

4.3.3 Comparison of the kinematic response of an adult pedestrian during impact a
Real-World accident with simulations.................ooiiiiiiiiii e 186

4.3.4 Head injury and injury risk level during secondary impacts................... 187

4.3.4.1 Head injury and injury risk level during secondary impacts at the vehicle’s
(415311 (<] 11 T T P 187

4.3.4.2 Head injury and injury risk level during secondary impacts at 42cm offset
from the vehicle’s centreline. ..........o.ooviiiiiiiii e 188

4.3.5 Upper neck injury and injury risk level during secondary impacts............. 189

4.3.5.1 Upper neck injury and injury risk level during secondary impacts at the
VEhicle’s CENIEliNe. ... ...ooti i s 190

4.3.5.2 Upper neck injury and injury risk level during secondary impacts at 42cm
offset from the vehicle’s centreline................cooiiiiiiiii i 191

4.3.6 Chest injury and injury risk level during secondary impacts................... 192

4.3.6.1 Chest injury and injury risk level during secondary impacts at the vehicle’s
CONITEIINE. . 193

Xii



Table of contents

4.3.6.2 Chest injury and injury risk level during secondary impacts at 42cm offset

from the vehicle’s centreline. ... ......c.ovvuiuiiii i 194
4.4 The sensitivity of the model contact parameters.................cccoeeiininnannnn.. 195
4.4.1 Primary TMPACES. .. .oueentett ettt ettt et et et et e et et ae e e e eiaeaeaes 195
4.4.1.1 KiNeMmMAtiC TESPOMSE. .. v e utentenrtententeteententeaneententeeneenseaneanearenanens 195
4.4.1.2 Head INJUIY...uuiii ittt e e et et e e e e e ae e 195
4.4.2 Secondary IMPaCES. ......uieett ittt et et e e e ie e eaenns 196
4.4.2.1 KinematiC TeSPOMSE. ... uuuttenttenteenteeatte et eateeeeeeaneeereenneeaneeensenns 196
4.4.2.2 HEad INJULY ...ttt et et et ettt e e e e e ee s 196

4.5 Comparison between primary and secondary impacts for adult pedestrian.....197

4.5.1 Head injury and injury risk level during primary and secondary
TITIDACES. 1.ttt bbbttt bbbt 197

4.5.1.1 Head injury and injury risk level during primary and secondary impacts at
the vehicle’s centreline. ... ..ot e 197

4.5.1.2 Head injury and injury risk level during primary and secondary impacts at
42cm offset from the vehicle’s centreline...............ooviiiiiiiiiiiiie 199

4.5.2 Upper neck injury and injury risk level during primary and secondary
L1001 0 101 203

4.5.2.1 Upper neck injury and injury risk level during primary and secondary
impacts at the vehicle’s centreline..............coeiiiiiiiiiiii e, 203

4.5.2.2 Upper neck injury and injury risk level during primary and secondary
impacts at 42cm offset from the vehicle’s centreline.....................cocoiiinne, 205

4.5.3 Chest injury and injury risk level during primary and secondary
100002 T £ 208

4.5.3.1 Chest injury and injury risk level during primary and secondary impacts at
the vehicle’s centreline. ............ooiiiiiii i 208

4.5.3.2 Chest injury and injury risk level during primary and secondary impacts at
42cm offset from the vehicle’s centreline. ..., 209

4.6 Auto rickshaw engineering modifications for adult pedestrian safety
ENNANCEIMENT. . ...\ttt e et e et e e et et et e e e 211

Xiii



Table of contents

4.6.1 Head injury and injury risk level during primary impacts after vehicle
MOAITICAtIONS. ...\t e 211

4.6.1.1 Head injury and injury risk level during primary impacts after vehicle
modifications at the vehicle’s centreline..............c.ooiiiiii i 212

4.6.1.2 Head injury and injury risk level during primary impacts after vehicle
modifications at 42cm offset from the vehicle’s centreline............................. 214

4.6.2 Upper neck injury and injury risk level during primary impacts after vehicle
MOATTICATIONS . . . ettt ettt et e e e et e e e e e e e e 215

4.6.2.1 Upper neck injury and injury risk level during primary impacts after vehicle
modifications at the vehicle’s centreline..............coooiiii i 216

4.6.2.2 Upper neck injury and injury risk level during primary impacts after vehicle
modifications at 42cm offset from the vehicle’s centreline............................. 217

4.6.3 Chest injury and injury risk level during primary impacts after vehicle
MOAIFICALIONS. ... ettt 218

4.6.3.1 Chest injury and injury risk level during primary impacts after vehicle
modifications at the vehicle’s centreline.................ooiiiiiiiiiiiiiiiiii, 218

4.6.3.2 Chest injury and injury risk level during primary impacts after vehicle
modifications at 42cm offset from the vehicle’s

COMTELINE. ...ttt ettt e, 218
O B 1 01175 o) P 220
5. CONCLUSION. .. 222
5.1 Research CONCIUSIONS. .....o.euuintintiii e 222

5.1.1 Primary impacts for the 50" percentile adult and 6YO-child pedestrians...222
5.1.2 Secondary impacts for the 50" percentile adult pedestrian.................... 223

5.1.3 Auto rickshaw engineering modifications for adult pedestrian safety

ENNANCEIMENL. ...ttt 225
5.2 Future Work.......ooii i 226
6. REFERENCES. ... 227
1. APPENDICES. ... 248

Xiv



List of figures

LIST OF FIGURES

Figure 1-1. Design of the exterior of an auto rickshaw; (a) Bajaj passenger vehicle; (b)
Atul passenger vehicle; (c) Piaggio goods vehicle; (d) Applications police
VENICI. . 6

Figure 1-2. AlSand Risk level...... ..., 7

Figure 1-3. Distribution of all pedestrian injury patterns by body region and injury
SEVEIILY LBVEL. .. e 9

Figure 1-4. Pedestrian injury pattern and injury severity during impacts with multi-
purpose vehicles (MPVs) in France between 1996 and 2007..............cccoeveeininnnn.. 9

Figure 1-5. Injury body regions and injury details of pedestrian impacted by an auto-

rickshaw; (a) Injury body regions; (b) injury details.......................ooooiiinnan. 11
Figure 1-6. Head SECtiON. ..o 13

Figure 1-7. Skull fractures; (a) Different stages of skull fracture injuries; (b) Linear

and depressed SKUIl fraCtures. ... ... e 14
Figure 1-8. Neck bone StruCture....... ..o 15
Figure 1-9. Thetrianglesof theneck..............ooiiiiiii i, 16
Figure 1-10. ComMpPreSSiON INJUIY.......ouiuinit et et e eane 17
Figure 1-11. Anatomy of the rib cage from lateral and anterior views.................. 18
Figure 1-12. Wayne State Tolerance Curve (WSTC).......coooivviiiiiiiiiiiiienn, 19

Figure 1-13. Setup of child pedestrian-passenger vehicle impacts and vehicle control

0 L=V =] (=T 63T 26
Figure 1-14. Spring-mass Model.............cooiiiiiiiii e 38
Figure 2- 1. Methodology diagram of the study................coooviiiiiii i, 51
Figure 2- 2. Auto rickshaw dimensionsS. ...........ovviiiiiii i, 54
Figure 2- 3. Auto rickshaw model; (a) rear view; (a) side view; (c) front view........ 55
Figure 2- 4. FE Model of the auto rickshaw...................oooiiii i, 61

XV



List of figures

Figure 2- 5. Auto rickshaw model simplification steps; (a) FEM of auto rickshaw
including driver dummy mass; (b) Calculation of rear vehicle components masses by

removing frontal vehicle components; (c) Simplified auto rickshaw model............. 63
Figure 2-6. Simplified auto rickshaw model.......................cooiii, 64
Figure 2- 7. Constrained translational and revolute joints..........................o..ee. 65
Figure 2- 8. 50" Percentile Hybrid |11 adult pedestrian dummy.......................... 66
Figure 2- 9. 6YO- Hybrid 111 child dummy in sitting position............................ 66
Figure 2- 10. 6YO-child dummy converting process (sitting to standing).............. 68

Figure 2- 11. Auto rickshaw-adult pedestrian impact simulations at different positions;
(@) Front centre (b) Front offset; (c) Rear centre; (d) Rear offset; (e) Side centre; (f)
SO OF TSt .t 71

Figure 2- 12. Auto rickshaw—child pedestrian impact simulations at different positions;
(@) Front centre (b) Front offset; (c) Rear centre; (d) Rear offset; (e) Side centre; (f)

SO OF TS .t 72
Figure 2- 13. Vehicle-pedestrian impact simulation setup....................ccoiinni 73
Figure 2- 14. Axial and shear forces of the upperneck..................ooooiiiiinin. 78

Figure 2- 15. Head-Neck motion phases during impacts ;(a) rear impacts;(b) front

pq] o T £ S PRSP 78

Figure 2- 16. Acceleration and deflection points location of Hybrid 111 adult male
dummy for the chest injury calculation (a) The measurement acceleration point
location of the spinal cord; (b) The central measurement deflection point location of

the dUuMMY CheSt. ... ., 80

Figure 3- 1. The kinematic response of adult pedestrian dummy impacted at different
vehicle regions and impact positions (a) pedestrian impacted at the vehicle’s centre in
front, rear and side position; (b) pedestrian impacted at 42 cm offset of the vehicle’s

centre in front, rear and side positionat30km/h...................coo, 87

Figure 3- 2. The kinematic response of 6YO0-child pedestrian dummy impacted at
different vehicle regions and impact positions (a) pedestrian impacted at the vehicle’s
centre in front, rear and side position; (b) pedestrian impacted at 42 cm offset of the

vehicle’s centre in front, rear and side position at 30 km/h.............................. 88

XVi



List of figures

Figure 3- 3. Head contact locations for adult pedestrian of the auto rickshaw........... 95

Figure 3- 4. HIC values in the frontal impacts at the vehicle’s centreline for adult and
BYO-Child Pedestrians ...........ooviniiniiii e 98

Figure 3- 5. HIC values in the rear impacts at the vehicle’s centreline for adult and
BYO-Child PEeSIITaNnS ... ..ottt 98

Figure 3- 6. HIC values in the side impacts at the vehicle’s centreline for adult and
BYO-Child Pedestrians ..........c.oiiniiii e 99

Figure 3- 7. HIC values in the frontal impacts at 42 cm offset from the vehicle’s

centreline for adult and 6YO-child pedestrians...............cccooviiiiiiiiiiiinie, 100

Figure 3- 8. HIC values in the rear impacts at 42 cm offset from the vehicle’s centreline
for adult and 6YO-child pedestrians ...........c.ccooiiiiiiii i, 101

Figure 3- 9. HIC values in the side impacts at 42 cm offset from the vehicle’s centreline
for adult and 6YO-child pedestrians ...........c.ooviiiiiiiiii e, 101

Figure 3- 10. Upper neck injury values for adult and 6'YO-child pedestrians impacted

at the Vehicle’s CeNtreliNg .. ..o e e, 103

Figure 3- 11 Upper neck injury values for adult and 6'YO-child pedestrians impacted
at 42cm offset from the vehicle’s centreline ..., 105

Figure 3- 12. CTI values for adult pedestrian in the frontal impacts at two vehicle

contact regions (centreline and 42cm offset)...........cooooiiiiiiiii i 106

Figure 3- 13. The full kinematic response of adult pedestrian dummy impacted at the
vehicle’s centreline in different impact positions (front, rear and side) during the
primary and secondary IMPaCtS...........o.oiviniiiit e, 110

Figure 3- 14. The full kinematic response of adult pedestrian dummy impacted at 42cm
offset from the vehicle’s centreline in different impact positions (front, rear and side)

during the primary and secondary impacts..............cooeviviiriiinieriiieaienennns. 111

Figure 3- 15. Landing patterns of adult pedestrian dummy impacted at different impact
velocities and different vehicle regions (a) pedestrian impacted at the vehicle’s centre
in front, rear and side position; (b) pedestrian impacted at a 42cm offset of the vehicle’s

centre in front, rear and Side POSITION. .........cooiiiiriii e 112

Xvii



List of figures

Figure 3- 16. Throw distance and impact velocity at different pedestrian positions,
front, rear and side at centreline of thevehicle.....................ooiii 113

Figure 3- 17. Throw distance and impact velocity at different pedestrian positions,

front, rear and side at 42cm offset from the vehicle’s centreline........................ 114

Figure 3- 18. Comparison of post impact kinematic response between a Real-World
pedestrian-auto-rickshaw rear impact accident with simulations. Pedestrian offset
from vehicle centreline at (a) 15km/h; (b) 25km/h; (c) 30km/h and (d) CCTV-Real-
WOrld aCCIUBNT .. .ot e 115
Figure 3- 19. Adult pedestrian head-ground directions at different impact velocities

at initial front, rear and side impact positions at the vehicle’s centreline............ 116
Figure 3- 20. Adult pedestrian head-ground directions at different impact velocities at
initial front, rear and side impact positions at 42cm offset from the vehicle’s

CONET R NG . . e e 118

Figure 3-21. The full kinematic response of adult pedestrian dummy impacted in the
rear offset scenario at 30km/h including the effect of different friction coefficients; (a)
original, (b) first scenario, (c) second scenario, (d) third scenario, (e) fourth scenario,

(f) fifth scenario, (g) Sixth SCENATIO. . .. .ouiuiiti i 128

Figure 3- 22. HIC for primary and secondary front impacts at the vehicle’s

CONET NG . . . ettt e, 131

Figure 3- 23. HIC for primary and secondary rear impacts at the vehicle’s

CONET NG . ¢ e, 131

Figure 3- 24. HIC for primary and secondary side impacts at the vehicle’s

CONET NG . . . ettt e e 132

Figure 3- 25. HIC for primary and secondary front impacts at offset 42cm offset from

the VEhICIE s CENIIEIING. . ... i 133

Figure 3- 26. HIC for primary and secondary rear impacts at offset 42cm offset from

the VEhICIE s CONTIEIING. ... e e e, 134

Figure 3- 27. HIC for primary and secondary side impacts at offset 42cm offset from

the VEhICIE s CONTTEIING. ..., 134

Xviii



List of figures

Figure 3- 28. Upper neck injury values for primary and secondary front impacts at the
vehicle’s Centreling. ... ... 136

Figure 3- 29. Upper neck injury values for primary and secondary rear impacts at the

VENICIE S CBNTIEIING ..ot 136

Figure 3- 30. Upper neck injury values for primary and secondary side impacts at the
vehicle’s Centreling ... 137

Figure 3- 31. Upper neck injury values for primary and secondary front impacts at

42cm offset from the vehicle’s centreline ... 138

Figure 3- 32. Upper neck injury values for primary and secondary rear impacts at 42cm
offset from the vehicle’s centreline ..., 139

Figure 3- 33. Upper neck injury values for primary and secondary side impacts at 42cm

offset from the vehicle’s Centreling ... e 139

Figure 3- 34. CTI for primary and secondary frontal impacts at the vehicle’s
CENEIEIING. L. e, 141

Figure 3- 35. CTI for primary and secondary rear impacts at the vehicle’s

CONET I N .ottt e e e e e e e e et e e e e e e e aaaans 141

Figure 3- 36. CTI for primary and secondary side impacts at the vehicle’s
CENITEIING. ..o e LA2

Figure 3- 37. CTI for primary and secondary frontal impacts at 42cm offset from the

VENICIE S CBNTIEIING ..ot e e, 143

Figure 3- 38. CTI for primary and secondary rear impacts at 42cm offset from the
vehicle’s centreline ... 144

Figure 3- 39. CTI for primary and secondary side impacts at 42cm offset from the

VENICIE S CBNIIEIING ..ottt e e e 144

Figure 3- 40. HIC values for adult pedestrian impacts at the vehicle’s centreline for all
simulations run in frontal impact with a polycarbonate windscreen and modified

WINASCreen frame MaterialS. . ..o 146

Figure 3- 41. HIC values for adult pedestrian impacts at the vehicle’s centreline for all
simulations run in rear impact with a polycarbonate windscreen and modified

WINASCreen frame MaterialS. ...t e, 146



List of figures

Figure 3- 42. HIC values for adult pedestrian impacts at the vehicle’s centreline for all
simulations run in side impact with a polycarbonate windscreen and modified

windscreen frame MaterialS. .. ..o.ee oottt 147

Figure 3- 43. HIC values for adult pedestrian impacts at 42cm offset from the vehicle’s
centreline for all simulations run in frontal impact with a polycarbonate windscreen

and modified windscreen frame materials. .........oooeom 148

Figure 3- 44. HIC values for adult pedestrian impacts at 42cm offset from the vehicle’s
centreline for all simulations run in rear impact with a polycarbonate windscreen and

modified windscreen frame materialS. ........ooover 149

Figure 3- 45. Upper neck injury values at the vehicle’s centreline for all simulations
run in frontal impact with a polycarbonate windscreen and modified windscreen frame

NAEEITAUS. . et 150

Figure 3- 46. Upper neck injury values at the vehicle’s centreline for all simulations
run in rear impact with a polycarbonate windscreen and modified windscreen frame

NAEEITAUS. . et 151

Figure 3- 47. Upper neck injury values at 42cm offset from the vehicle’s centreline for
all simulations run in frontal impact with a polycarbonate windscreen and modified

WINASCreen frame MaterialS. ....ooun et 152

Figure 3- 48. Upper neck injury values at 42cm from the vehicle’s centreline for all
simulations run in rear impact with a polycarbonate windscreen and modified

WINASCreen frame MaterialS. ....ooen et 153

Figure 3- 49. Chest injury values at the vehicle’s centreline for all simulations run in
frontal impact with a polycarbonate windscreen and modified windscreen frame

LIS, .ot e 154

Figure 3- 50. Chest injury values at 42cm offset from the vehicle’s centreline for all
simulations run in frontal impact with a polycarbonate windscreen and modified

WiINAScreen frame MaterialS. ....ooen e, 155

XX



List of tables

LIST OF TABLES

Table 2- 1. Element quality control parameters...............ccoooeiiiiiiiiiiiiiienn, 56
Table 2- 2. Meshed vehicle components characteristics....................c.oeveevenn.e. 57
Table 2- 3. Material mechanical properties of the model vehicle components.......... 63
Table 2- 4. Thicknesses of the vehicle components.................ccooiiiiiiiinin 63
Table 2- 5. Contact friction coefficients................coii i 70

Table 2-6. Intercept load values of upper neck injury for the 50" percentile Hybrid

I11 adult male and 6'YO-child dummies for front Impacts................................ 79

Table 2- 7. Intercept load values of upper neck injury for the 50" percentile Hybrid

11 male dummy for rear IMPactS..........c.ooiiriii e, 79

Table 2- 8. The intercept load values of chest injury for the 50" percentile Hybrid I11
male dummy for front IMPaCES. ..ot 81

Table 2- 9. Material modification for pedestrian safety improvement.................. 83

Table 3- 1. The sequence of adult pedestrian-vehicle interaction and contact time at

the VENICIE S CONIIEIING . ... e 90

Table 3- 2. The sequence of 6YO-child pedestrian-vehicle interaction and contact
time at the vehicle’s centreline. ... 91

Table 3- 3. The sequence of adult pedestrian-vehicle interaction and contact time at
42cm offset from the vehicle’s centreline...............ooooi i, 93

Table 3- 4. The sequence of 6YO-child pedestrian -vehicle interaction and contact

time at 42cm offset from the vehicle’s centreline..........covveee ... 94

Table 3- 5. Head contact angles for adult and child pedestrians during various impact

positions and two vehicle contact regions (Centreline and offset)...................... 95
Table 3- 6. Upper neck injury values for adult pedestrian in the secondary impacts at

the vehicle’s centreline in different impact positions (front, rear and side
0013 12 ) 1 1) T N 121

XXi



List of tables

Table 3- 7. Upper neck injury values for adult pedestrian in the secondary impacts at
42cm offset from the vehicle’s centreline in different impact positions (rear and side
POSITIONS) . ..ttt ettt ettt e e e 121

Table 3- 8. Chest injury values for adult pedestrian in the secondary impacts at the
vehicle’s centreline in different impact positions (front, rear and side positions)...124

Table 3- 9. Chest injury values for adult pedestrian in the secondary impacts at 42cm
offset from the vehicle’s centreline in different impact positions (front, rear and side

POSITIONS) . ..ttt ettt et e e et e e 124
Table 3-10. HIC values vs friction coefficients during primary impacts............. 126
Table 3-11. HIC values Vs friction coefficients during secondary impacts...........129

xXxii



List of abbreviations

LIST OF ABBREVIATIONS

Symbol Definition
6YO Six-Year-Old
SUVs Sport Utility Vehicles
MUV Multi Utility Vehicle
LTVs Light Truck Vehicles
NCAP New Car Safety Assessment Programme
GTRs Global Technical Regulations
AIS The Abbreviated Injury Score
MPV Multi-Purpose Vehicle
AAAM Association for the Advancement of Automotive Medicine
ICH IntraCerebral Haematomas
HIC Head Injury Criterion
Nij Upper neck injury criterion for front impacts
Nkm Upper neck injury criterion for rear impacts
CTI Combined Thoracic Index
ATDs Anthropomorphic Testing Devices
WSTC Wayne State Tolerance Curve
GSI Gadd Severity Index
NHTSA National Highway Traffic Safety Administration
AAMA American Automobile Manufacturers Association
AAM Alliance of Automobile Manufacturers
FMVSS Federal Motor Vehicle Safety Standards
My Moment for the upper neck at the occipital condyles
PHMSs Post Mortem Human Subjects
MANIC Multi-Axial Neck Injury Criterion
Amax Spinal Acceleration Criterion
VvC Viscous Criterion
BLE Bonnet Leading Edge
BCH Bumper Centre Height
BD Bumper Depth
BL Bumper Lead
GA Grill Angle
PCDS Pedestrian Crash Data Study
ABS Autonomous Braking Systems
VRUs Vulnerable Road Users
PC Polycarbonate

XXiil




List of abbreviations

Mg Magnesium

Si Silicon

Zn Zinc

RTI Road Traffic Injury

CBA Cost-Benefit-Analysis

FEA Finite Element Analysis

FE Finite Element

FEM Finite Element Model

MADYMO Mathematical Dynamical Models
LSTC Livermore Software Technology Corporation
GM General Motors

ECE Economic Commission for Europe
Dmax The mid-sternum chest deflection

int The critical intercept index

F Force

M Momentum

KE Kinetic Energy

E Energy

VA Vehicle velocity

P Impact Force

M Vehicle mass

d Maximum plastic deformation

CAD Computer Aided Design

IGES Initial Graphic Exchange Specification
CNRD Constrained Nodal Rigid Body

NCAC National Crash Analysis Center
ENDTIM Termination Time

TSLIMT The shell element time step assignment
DT2MS Time step size for mass scaled solution
ASCII American Standard Code Information Interchange
CG Centre of Gravity

XXiV




Chapter 1. Introduction & literature review

1. INTRODUCTION & LITERATURE REVIEW

1.1 Introduction

Nearly 1.2 million people are killed and up to 50 million injured in traffic accidents
worldwide annually [1]. This number is predicted to increase to 3.6 million by the end
of 2030, making traffic accidents the third leading cause of death globally [2].
Transport-related injuries are particularly high in cities in low - and middle-income
countries. It is estimated that approximately one million people are killed annually in
road accidents in such places, which represents almost 85% of the worldwide total [3].
While much work has been carried out on the impact of collisions between pedestrians
and four-wheeled vehicles, significantly less research has been dedicated to three-
wheeled vehicles, in particular auto-rickshaws. Given that they represent one of the
most common modes of transport in developing countries, it is important that such
vehicles are investigated, to improve safety and reduce the amount of injuries and

fatalities.

With these factors in mind, this research aims to assess the safety of both adult and
child pedestrians impacted by auto-rickshaws in urban areas in developing countries.
It will do so by means of a parametric and comparative analysis of auto-rickshaw -
related pedestrian impacts and pedestrian - ground impacts by computational
simulation, using a Finite Element model of an auto-rickshaw and an LS-DYNA 50%
percentile adult male and six-year-old (6YO) child Hybrid Il Anthropometric Test
Device (dummies). More specifically, the study will develop a set of injury risk data
for the most frequent body regions injured for pedestrians impacted by auto-rickshaws.
It will characterise the kinematic response for adult and child pedestrians, injury
metrics and injury risk for the head, upper neck and chest produced in the primary
impacts (pedestrian-vehicle interactions) and compare all results to identify which of
them could become highly injured. In addition, this study will investigate the effect
of auto-rickshaws on ground contact and compare the injury risk produced in primary

and secondary impacts.

Overall, it is the intention to use the data to establish a logical database to judge

whether the auto-rickshaw is safe to use in urban areas. Consequently, suitable
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engineering modifications can be suggested to reduce the negative effects of any injury
risk. This study has the potential to provide a wealth of important predictive accident
data for researchers, bioengineers, auto-rickshaw manufacturers and local
governments. This may enable them to make decisions and develop regulations, which
can reduce the number of fatalities and severity of injuries, thus reducing the vehicle

production cost compared to injury costs.

The following objectives have been identified to achieve these aims:

» To investigate the influence of impact velocity, vehicle contact region, impact
position and pedestrian size on the kinematic response, injury metrics and
injury risk of adult and child pedestrians head, neck and chest during primary

impacts.

» To investigate the influence of impact velocity, vehicle contact region and
impact position on the kinematic response and injury risk of the adult

pedestrian head, neck and chest during secondary impacts.

» Toidentify which impact could cause greater injury risk (primary or secondary

impacts) relevant to the head, neck and chest for the adult pedestrian.

» To investigate the influence of different material properties and thicknesses of
the vehicle components on injury risk reduction for the adult pedestrian head,

neck and chest during primary impacts.

» Finally, to investigate the economic effect of the wvehicle engineering
modifications and the medical saving costs associated with severe head injuries
(AIS4+) and serious upper neck and chest injuries (AIS3+).

As a means of contextualising the study, this chapter will provide important
background information and information on previous relevant research that has been
carried out. More specifically, it provides a summary of accident data, injury criteria
and injury risk thresholds with a particular focus on the head, upper neck and chest. It
will also discuss the primary and secondary impacts of road traffic accidents and the

main factors that can lead to different injury patterns and injury risks.
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1.2 Published outcomes

Refereed journal articles

A. J. AL-Graitti, G. A. Khalid, P. Berthelson, A. Mason-Jones, R. Prabhu, M. D
Jones. ‘Auto Rickshaw Impacts with Pedestrians: A Computational Analysis of Post-
Collision Kinematics and Injury Mechanics’. International Journal of Biomedical and
Biological Engineering. Vol: 11, No, 11, pp.612-631, 2017.

P.Berthelsona,, P. Ghassemi, J.W. Wood, G.G. Stubblefield, A. J. Al-Graitti, M.D.
Jones, M.F. Horstemeyer, S. Chowdhury, R.K. Prabhu. ‘A Coupled Finite Element-
Mathematical Surrogate Modeling Approach to Assess Occupant Head Injury Risk
Due to Vehicular Impacts’. International Journal for Numerical Methods in
Biomedical Engineering, under consideration.

Peer-reviewed conference papers

A. J. AL-Graitti, G. A. Khalid, P. Berthelson, A. Mason-Jones, R. Prabhu, M. D
Jones. ‘Auto Rickshaw Impacts with Pedestrians: A Computational Analysis of Post-
Collision Kinematics and Injury Mechanics’. Proceedings of the 19" international
Conference on Mathematical and Computational Biomedical Engineering, Italy,
Venice, 2017.

A. J. Al-Graitti, G. A. Khalid, P. Berthelson, R. Prabhu, M. D Jones. ‘A Comparative
Study of the Kinematic Response and Injury Metrics Associated with Adults and
Children Impacted by an Auto Rickshaw’. Intelligent Computing -Proceedings of the
Computing Conference, London, Springer, Cham, pp. 424-443, 2019, Best student
paper award.

A. J. Al-Graitti, T. Smith, R. Prabhu, M. D Jones. ‘Auto rickshaw — pedestrian head
and neck impact injury mitigation- an analysis of impact material alternatives, their
costs and their benefits’. Proceedings of the international Conference on
Computational and Experimental Engineering and Sciences, Japan, Tokyo University,
2019. Submitted to Springer.

Workshops

A. J. Al-Graitti, M. D Jones. ‘Tuk Tuks are coming to Cardiff —despite safety fears!:
Auto Rickshaw -Pedestrians Impacts: A Computational Analysis of Post-Collision
Kinematics and Injury Risk’. Sustainable Transport Workshop — Landscape,
Opportunities and Capabilities, Catapult, Cardiff University, Best poster award.
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1.3 Road accident data

Motor vehicle-related pedestrian road traffic collisions are a major road safety
challenge. According to the World Health Organization they produce almost a quarter
of all road traffic-related deaths [2]. Accidents in developing countries are 70 times
more likely to occur than in developed countries. Furthermore, the vast majority of
road accident fatalities are vulnerable road users, such as pedestrians [4]. The annual
traffic statistics in Saudi Arabia in 1999 showed that road accidents caused almost
6,000 serious pedestrian injuries and 1,000 deaths [5]. In Africa, pedestrian fatality is
also a major issue, with road traffic accidents accounting for an estimated 39% of all
deaths in Tanzania, 75% in Cote d'lvoire [6] and 85% in Ethiopia [7]. In Bangladesh,
pedestrian accidents with auto-rickshaws, buses, trucks and tractors have a higher

fatality risk than impacts with cars [8].

Children are particularly vulnerable road users as passengers, cyclists and pedestrians.
As pedestrians, they may walk, play or even work on roads in close proximity to
vehicles. All these interactions, together with a variety of other risk factors associated
with childhood, increase their vulnerability to road traffic injury [9]. Trauma isamajor
cause of paediatric injury [10] and statistically, child pedestrians are the group most
likely to be involved in vehicle-pedestrian impacts. Males aged between 5 and 14
years and females between 10 and 19 years have the highest fatality rates amongst all
pedestrians. In developed countries, between 5% and 10% of children suffering road
traffic injuries are pedestrians. However, in developing countries, the proportion
ranges between 30% and 40% [11]. Roads have always been unsafe places for
children. Nonetheless, the rapid increase in traffic and a shift towards transportation

on roads makes the issue particularly pressing today [12].

These road traffic accidents, which cause pedestrian injuries and fatalities have
devastating impacts on families, human pain and suffering, loss of productivity and
pressure on the emergency services and insurance resources. The noticeable increase
in road accidents in developing countries, compared to developed countries, could be
the result of many factors, such as road infrastructures [13], road design and pavements
[14, 15], human behaviour (both drivers [16-18] and pedestrians [19, 20]), traffic mix,
traffic lights [21], speed cameras [22], vehicle model and technology [23, 24] and the

common transport mode. It has been reported that passenger cars, sport utility vehicles

4
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(SUVs) and vans are the most common registered vehicles in developed countries [25,
26], 46% of passenger cars were involved in fatal pedestrian accidents in the US [26],
while 74% of passenger cars were involved in fatal pedestrian accidents in France [27].
However, in Japan, pedestrian accidents are more commonly associated with light

trucks and vans than passenger cars [28].

In contrast, developing countries have unique common vehicles that comprise a much
wider range of modes than those in developed countries. These vehicles can be
classified into two main types: non - motorised and motorised transport. The non -
motorised mode includes bicycles, rickshaws and animals, such as camels and horses.
In contrast, the motorised mode includes motorcycles, auto-rickshaws and cars. All

these modes of transport can be observed to share the same road.

Auto-rickshaws, which are the focus of this study, require consideration in more detail.
These vehicles are one of the chief modes of transport in developing countries, such
as India, Pakistan, Nepal, Bangladesh, Cambodia, Laos, Philippines, Sri Lanka,
Thailand, Guatemala, Ethiopia, Sudan and Egypt [29]. Many people consider auto-
rickshaws to be one of the best solutions for their urgent and special needs at early
morning and night times, when there are few public transport services [30]. Auto-
rickshaws have the ability to negotiate narrow roads, better manoeuvrability in small-
turn radii roads and consume less fuel than cars. This means that they provide greater
access to urban areas and are easier to drive [31 - 33]. The total number of auto
rickshaws varies between 2% and 11% in the eight of the major Indian cities; 10% to
20 % of daily trips are in fact, made on motorised road transport modes [34]. Due to
population increases, in many developing countries such as India, the production of
motorised three - wheelers has doubled between 2003 and 2010 [34]. The problem is,
however, that auto-rickshaws are responsible for a large number of road accidents. In
India, they are only second to motorized two - wheelers in terms of accident risk [35].
In the city of Hyderabad, for example, it was noted that 17% of pedestrians were killed
in car/jeep/multi utility vehicle (MUV)/auto-rickshaw accidents [36]. In contrast, in
Sudan, 19% of auto-rickshaw accidents involved in auto rickshaw-pedestrian
collisions [37]. Thus, it is apparent that there is an urgent need to explore what can be

done to reduce such accidents, which is one of the key aims of this study.
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It is noteworthy that there are several popular auto rickshaw designs, including those used for
passengers or goods that might affect the kinematic response and injury risk for a pedestrian
impacted by the vehicle in urban areas, see Figure 1-1. This study will be focused on Bajaj
design, since it is the most common design in many developing countries, as shown in Figure
1-1 (a).

Figure 1-1. Design of the exterior of an auto rickshaw; (a) Bajaj passenger vehicle; (b)
passenger vehicle; (c) Piaggio goods vehicle; (d) Applications police vehicle [38]

With the engineering successes associated with driver and passenger safety, pedestrian
protection is now becoming the most crucial road traffic safety priority, not only in
low-income countries but also in many other countries. Consequently, it has become
an increasingly important focus for automotive safety research. However, most
engineering research has focused on the most common vehicles involving pedestrians
in developing countries, such as passenger cars, light truck vehicles (LTVs) and vans.
In addition, the most common safety programmes tend to focus on the impacts of
pedestrian four-wheeled vehicles, such as the European New Car Assessment Program
(NCAP) and Global Technical Regulations (GTRs), even though there is a lack of real
accident data relevant to the impacts of pedestrian auto-rickshaw impacts. Engineering
reconstructions relevant to pedestrian-vehicle-based impacts using experimental and
computational modelling are increasingly applied to understand the main parameters

which might significantly influence injury risk.
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They enable the simulation of different initial and boundary conditions and they can
lead to new engineering proposals. However, less efforts have been focused on the
impacts of auto—rickshaw - pedestrian impacts in urban areas and their safety for the
environment in which they operate remains unknown [32, 39, 40].

Numerous studies have pointed out that the majority of pedestrians are impacted by
the front end of the vehicle during primary impacts [41-43]. Therefore, most studies
on pedestrian-vehicle impacts locate a pedestrian at the front of the vehicle when
investigating different parameters on the kinematic response, injury metrics and injury
risk. Thus, it is significantly important for automotive engineers to understand the
concepts of injury mechanism and injury which are used for road accident
reconstructions and injury risk classifications [44]. The injury mechanism is the
mechanical and physiological change and deformation of the anatomical structures.
The severity of a resulting injury [37] can be measured by different scoring systems
for injury assessment in clinical practice: the anatomical scales, the physiological
scales and a combination of the two (anatomic and physiologic reactions) [37, 45-48].
The Abbreviated Injury Scale (AIS) is one of the most commonly used anatomic scales
to classify the injury risk level for different regions of the body. AIS is an anatomic
method which classifies the individual injury body region according to a 6-point scale
of severity (1=minor, 2=moderate, 3=serious, 4=severe, 5=critical and 6=fatal), which
predicts the threat to life [49, 50], as shown in Figure 1-2. While the importance of
exploring the impact of front-end vehicle impacts is increasingly recognised by
researchers, it continues to be investigated within the context of four-wheeled vehicles.
Thus, this study aims to break new ground by carrying out similar studies on a three-
wheeled vehicle: the auto-rickshaw.

ST mlMinor
I:lModeratE
5 - Serious (non-life threating) ]
-Severe
4 | [Dcritical (Survival uncertain)
'E -Fatal (un survivable)
%3
a{n
2
1
AlS1+ AIS2+ AIS3+ AIS AlS4+ AIS5+ AlS6+

Figure 1-2. AIS and risk level; data obtained from [51, 52].
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1.3.1 Pedestrian injury patterns and injury severity according to body regions

during primary and secondary impacts

Pedestrian - vehicle impact scenarios can be called “primary impacts” which describe
the interactions between pedestrian body regions and vehicle components [53-55].
During these impacts, momentum transfers from the vehicle to the pedestrian.
However, primary impacts terminate when the pedestrian is totally separated from
contact with the vehicle [56]. This means that a flying phase starts, followed by a
subsequent falling phase terminated by ground interactions between the pedestrian’s
body regions and the ground. This is known as a “secondary impact” [54, 55]. In
addition, the pedestrian body slides on the ground until the whole body comes to rest
[56]. The travelling distance of the pedestrian is measured at the pedestrian’s centre
of gravity from the initial impact position to the point of rest, which includes flying,

falling and sliding, all of which can also be called the “throw distance” [53, 56, 57].

Many statistical studies have reported the injury patterns and injury severity during
primary impacts in developed and developing countries to identify the most frequently
injured body region and the injury severity. This can help to establish a useful database
for all researchers and engineers who are interested in improving pedestrian safety [58-
61].

An analytical study, including 521 pedestrian-vehicle impact cases between 1994 and
1999 in the USA, shows that the lower extremities and head are the most frequently
injured body regions [58]. Head injuries are the most serious injuries and can often
lead to death [58]. Nonetheless, lower limb injuries are also important and can lead to
disability and result in high social costs. The same study cited above found significant
differences in injury severity. For example, the risk of lower limb injury was between
moderate (AlIS2+) and serious (AIS3+), while the risk of head injury was considerably

high and could result in fatal injuries [59], see Figure 1-3 for more details.
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[ % moderate injuries| [l % Serious Injuries
AIS 2-4

Figure 1-3. Distribution of all pedestrian injury patterns by body region and injury severity level
[58].

A French study analysed road accident data for 10,703 pedestrians who were injured
or killed in an accident involving a multi-purpose vehicle (MPV) between 1996 and
2007. It found that the most frequently injured body regions were the lower
extremities (50%), the head/face/neck (38%) and the upper extremities (27%). Severe
injury (AlS4+) was significantly the most common in pedestrian head injuries,
followed by thorax, abdomen, spine, pelvis and lower extremities. In contrast, serious
(AIS3+) injury mostly involved the lower and upper extremities, followed by head,
chest and pelvis [60], as shown in Figure 1-4.

Head/Face/Neck | .

Thorax |.
Abdomen |I
; OAIS1
Spine | I aAls 2
Upper Extremity | . IAjS 3
I m|AIS 4+
Pelvis :I ‘

Lower Extremity l .

0 1000 2000 3000 4000 5000 6000 7000

Figure 1-4. Pedestrian injury pattern and injury severity during impacts with multi-purpose vehicles
(MPVs) in France between 1996 and 2007 [60].
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The distribution of pedestrian injuries between moderate (AlS2+) and fatal (AIS6+)
injuries in the USA, Europe and Japan shows that the head, neck and chest are the most
frequently injured body regions and can cause fatal or significant severe injuries more
than any other body regions [61]. This occurs when a pedestrian is impacted by the
front of a vehicle, whether it has a one-box design, an SUV or a passenger vehicle
[61]. An investigation of pedestrian - passenger car road traffic accident data in three
Chinese cities (Beijing, Shanxi and Chongging) between 2006 and 2008 determined
that the majority of pedestrians were male. Furthermore, the most commonly injured
body region was the head, followed by thorax and extremities with serious (AIS3+)
and severe (AlS4+) injuries [62].

It can, therefore, be concluded that injury patterns and injury severity vary according
to the front end geometry of a vehicle. However, in all cases the head, neck and chest
are the most frequently fatally injured body regions during pedestrian-four-wheeled
vehicles impacts. These vehicles are most commonly involved in primary pedestrian
impacts in developed countries, whereas auto-rickshaws are the most common vehicle
in developing countries. Auto rickshaws possess a unique front - end geometry
typically with only one front wheel and tyre, headlamp and mudguard rather than a
bumper (fender). The complex geometry has the potential to produce more varied and
complex injury patterns and injury risks during pedestrian-auto-rickshaw impacts.
With this in mind, it is essential to study these types of vehicles in more detail to
ascertain whether similar injury patterns and risks exist. An analytical study of real-
world accidents, in the Sudan, has suggested that head, neck and chest injuries are
significant, while soft tissue and fractures are the most frequent injuries for pedestrians
impacted by auto-rickshaws [63], as shown in Figure 1-5. However, many more
studies, such as the current one, that are grounded in empirical evidence need to be

carried out.

An Indian study collected road traffic accident data between November 2005 and June
2006 from hospitals in Hyderabad for a total of 781 cases. Of these cases, 139 subjects
were injured in 114 auto-rickshaw impact scenarios. There was no significant
difference between passengers and pedestrians injured by the auto-rickshaw impacts.
In addition, head, neck and lower limbs were found to be the most frequent minor
injuries (AIS1+), followed by moderate (AlS2+) and fatal (AIS6+) injuries [64].
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Similarly, it was pointed out that most of the pedestrians who impacted with an auto-
rickshaw were adults (95% of cases). Just 5% were children under the age of 10 years
old. In addition, soft tissue injuries were the most common injury, while 14% had a
neurological deficit when analysing the accident data for 100 patients in Sri Lanka
[65].

multiple head and neck
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Figure 1-5. Injury body regions and injury details of pedestrian impacted by an auto-rickshaw; (a)

injury body regions; (b) injury details [63].
Although injury patterns and injury risks vary according to vehicle type, it can be seen
that the head, neck and chest are the most frequently injured body regions during
primary impacts and can lead to severe injuries, disability or even death. However,
pedestrians will eventually interact with the ground during the most common vehicle-
pedestrian impact scenarios producing further pedestrian injury patterns and injury
risks.
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A German study reported that secondary impacts cause 65% of all injuries [54] and
similarly, accident data from Birmingham (UK) showed that ground interactions are
responsible for 56% of all injuries [66]. Thus, there are wide variations in post-impact
kinematics during the free-flight impact of a pedestrian’s motion when they are
initially impacted by a four-wheeled vehicle. Most statistical and numerical studies
have focused on head injuries produced during ground contact as the most frequently
injured body region [55, 67-72].

No statistical or computational analysis has reported the secondary impacts for a
pedestrian who has initially been impacted by an auto-rickshaw. In addition, head
injuries including neck and chest injuries have been suggested as the most frequent
fatal injuries compared to other body regions. Nonetheless, it is unknown whether this
will be the same within the context of a three-wheeled vehicle and the developing
world. Thus, this is the principal of the study. Before moving on to consider injury
criteria and thresholds, it is important to gain an understanding of the anatomy of the
three most commonly injured body regions: head, neck and chest. This will help to
gain a better understanding of the importance of collecting and analysing robust data

to reduce such injuries with auto-rickshaws in developing countries.
1.4 Anatomy and injury risk

The word ‘anatomy’ derives from the ancient Greek and Latin words “ana” and “tome”
meaning “cutup”. Itis the study of the structures that make up the body and how these
structures are related to each other. Understanding anatomy is very useful in injury
mechanisms, healing wounds and caring for the sick [73]. It includes many
subspecialties, such as gross anatomy, microscopic anatomy, developmental anatomy
and embryology [74]. The following section briefly reviews the regional anatomy of
the head, neck and chest and the probable injury severity of each one, to better

appreciate the complex nature of injuries in these body regions.

1.4.1 Head anatomy and injury risk

A brief explanation of head anatomy and head injury severity can help to better
understand the head injury mechanism and injury risk classification. The head is

defined as the body region consisting of skin, scalp, skull, meninges and brain [75].
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The skin is the outer surface of the human head and the first protective layer [75], see
Figure 1-6. SKkin injuries can be categorised as superficial or deep. They also include
contusions (bruises), lacerations (cuts) and abrasions (scrapes) [76]. The scalpisa5
to 7mm thick layer, consisting of hair, skin and facial muscles, as shown in Figure 1-
6.
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Figure 1-6. Head section [76].

Scalp swellings and lacerations are commonly sustained injuries during pedestrian
accidents when the pedestrian’s head impacts directly with the vehicle structure.
According to Association for the Advancement of Automotive Medicine (AAAM),
this type of injury can be classified as a minor injury (AIS1+) [77]. The skull is a
“sturdy box”, which contains and protects the brain. It consists of eight different
bones: the unpaired frontal, occipital, sphenoid and ethmoid bones and the paired
temporal and parietal bones [77]. Each one has three distinct layers: inner, outer and
diploe. A skull fracture can occur with or without brain damage and therefore, it can
be divided into two types: linear or depressed, as shown in Figure 1-7. A linear skull
fracture is a cracked single line, while a depressed fracture is defined as the depression
of a bone fragment greater than the thickness of the skull, which is depressed into the
cranial cavity and can damage brain tissue and blood vessels [78]. This is often caused
by translational and/or rotational forces as a result of acceleration or deceleration of

the brain. In many cases, skull fractures are not life-threatening.
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Figure 1-7. Skull fractures; (a) different stages of skull fracture injuries; (b) linear and depressed
skull fractures [79].

Brain injury can occur by a direct force applied to the head or a force applied to the
head via the neck as in whiplash injuries. These can result in deformation of the brain

tissue according to the magnitude of the deformation [80].

Moderate head injuries (AlS2+) include a vault fracture, consisting of a cerebral
concussion with the likelihood of haemorrhage; intracerebral haematomas (ICH), both
petechial and subcortical; and subarachnoid haemorrhage of more than 6 hours, not
associated with a coma [81]. Other examples include a basilar fracture, including
cerebral concussion or a subdural haemorrhage, both of which can be classified as
serious injuries (AIS3+) [81]. Lesions of soft tissue, skull fractures, brain bleeding,
brain contusions and lacerations and bone structure deformations can also be classified
as severe injuries (AlS4+) [81-84]. Cerebral injury, including ischaemic brain
damage, can be directly related to head trauma, associated with more than six hours of

coma can be classified as a critical injury (A1S5+) [49]. A fatal head injury indicates
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death as a result of a brain stem injury, which typically involves laceration, crushing,

penetrating or transection [85]

1.4.2 Neck anatomy and injury risk

The neck is the cylindrical connection between the head and the body. Its role is
supporting the head and serving as a conduit for vessels and nerves passing between
the head and body as well as a passageway for materials entering the digestive system
and a passageway for the respiratory system [73]. It has many vasculatures, including
arteries and veins, which carry oxygenated blood to the brain and carry deoxygenated
blood away from the brain to the heart [86]. Moreover, the cervical spine is a complex
structure consisting of 7 cervical vertebrae, which protect the spinal cord [86], as

shown in Figure 1-8.

The first two vertebrae are called atlas and axis, which provides support for the human
head [87]. The bones are linked together by facet joints, which are small joints
between the vertebrae, that together with the neck muscles, allow the head to movie in

any direction [87].
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Figure 1-8. Neck bone structure [88].
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It can be divided into four regions: the anterior, posterior, posterior cervical and
sternocleidomastoid regions, as shown in Figure 1-9. The posterior region is behind
the lateral border of the trapezius muscle and is the nape or nucha. In contrast, the
lateral region is behind the sternocleidomastoid muscle and is bounded in front by this
muscle, below by the clavicle and behind by the trapezius muscle. The

sternocleidomastoid region corresponds to the projection of this muscle [89].

The anterior region is in front of the sternocleidomastoid muscle and is bounded
posteriorly by this muscle, in front by the midline of the neck and above by the border
of the mandible. A small area behind the mandibular angle and in front of the mastoid
process is called the fossa retromandibularis. It lodges the posterior part of the parotid
gland, nerves and vessels. The anterior and lateral regions are divided into a number
of triangles by the omohyoid muscle descending obliquely from front to back and

crossing the sternocleidomastoid muscle [89].
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Figure 1-9. The triangles of the neck [90].

These regions would cause neck soft tissue injury and ligament rupture with
symptoms, such as neck pain and stiffness, shoulder weakness, dizziness, headache
and memory loss [91]. In addition, this region can suffer cervical vertebral fractures,
which may result in irreversible spinal cord injury resulting from cervical vertebrae

compression [86], as shown in Figure 1-10.
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Compression
of spinal cord

Figure 1-10. Compression injury [86].

Injuries to the neck and spinal cord during vehicle impact scenarios normally result
from a combination of forces and bending at occipital condyles [92]. Moderate
(AIS2+) neck injuries are associated with neurological deficit and vocal cord
involvement, while serious neck injuries (AIS3+) are related to the rupture of small
blood vessels of the occipital condylar joints, alar ligament rupture, damage to the
spinal cord (disc rupture and nerve root damage) and brainstem, and even death [93-
96].

Severe (AlS4+) neck injuries include phrenic nerve injury. Critical upper neck injuries
(AIS5+) are linked to subcutaneous tissue abrasion and contusion hematoma, vascular
injury (neurological deficit), carotid artery and jugular vein laceration, oesophagus,

larynx, pharynx, salivary gland, thyroid gland, trachea and vocal cord injuries [81].

1.4.3 Chest anatomy and injury risk

The thorax is located in the superior part of the torso above the abdomen. It consists
of skin, subcutaneous fat and some superficial musculature, such as the pectoral
muscles and paraspinous muscles. The thoracic wall includes the spine, the ribcage
and intercostal musculature. The thoracic cavity includes the pulmonary cavity and
contains vital organs, such as the heart, lungs and major blood vessels, see Figure 1-
11.

Chest injuries can cause different injury risks and severities. Moderate chest injuries
(AIS2+) includes fracture of at least two ribs or the sternum, a partial thickness of soft
tissue injury or bronchus tear distal to main stem [81]. Serious chest injuries (AIS3+)
consist a fracture of at least three to five separate ribs on one side of the body, lung

contusion and minor heart contusion [81, 97-99]. Severe injuries (AlS4+) include
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fracture of at least five ribs (or three bilaterally), including a “flail” rib, having two
fracture locations. The flail ribs involve a free-floating rib segment between fractures,
causing a particularly unstable chest wall, which may also be associated with severe
breathing difficulties, bilateral lung laceration, minor aortic laceration and major heart
contusion [81, 96, 98, 100]. Critical chest injuries (AIS5+) include bilateral flail chest,

major aortic laceration and lung laceration with pneumothorax tension [100].
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Figure 1-11. Anatomy of the rib cage from lateral and anterior views [101].

1.5 Injury criteria and thresholds

Previous literature has shown that the head, neck and chest are the most frequently
injured body regions (section 1.3.1), injuries which are potentially life-threatening and
cause a high risk of disability or even death. Explaining the proposed injury criteria
and injury thresholds for these three body regions is important. This section will
explain the Head Injury Criterion (HIC) for head injury risk, the criterion for upper
neck injuries and risk (Njjand Nkm) and the Combined Thoracic Index (CTI) for chest

injury risk.

1.5.1 Head injury criteria and thresholds

Head injury risk produced during impacts can be measured by a range of variables,
such as the body’s kinetic energy, transmitted force, the stress and strain of the

structure and the head acceleration [102]. Each of these variables, either alone or in
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combination may be produced during primary and secondary impacts. Head
acceleration measurements are used as a key correlation for head injury and are applied
to predict head injury risk. Head injury thresholds have been developed by subjecting
human volunteers, adult cadavers or primates and other animal surrogates to
translational and or rotational accelerations and evaluating any significant
corresponding injuries [103]. Observed head injury risk correlates with head
accelerations to produce head injury threshold values. These thresholds have been
further investigated through the use of computational modelling and anthropomorphic
testing devices (ATDs) in threshold testing and accident reconstruction. The
thresholds have generally been expressed in terms of kinematic variables to provide
an indicator with which incidents can be assessed. Head injury thresholds will be
discussed generally in terms of translational accelerations, particularly those relating

to adults and children in different impact positions.

The Wayne State Tolerance Curve (WSTC), founded by Wayne State University in
the 1950s, was the first suggested tolerance for a head injury to evaluate head injury
risk. It established a correlation between the magnitude of acceleration and the pulse
duration required to produce a skull fracture, see Figure 1-12. Generally, impulses
with high acceleration can cause injuries and lower accelerations require longer pulses
to cause injuries [103]. A combination of magnitude and duration, which lies above
the WSTC, can indicate a risk of severe head injury (AlS4+). The WSTC data
provides the foundation for several currently widely used injury metrics, such as the
Gadd Severity Index (GSI), which was developed by Charles Gadd of the General
Motors Corporation in 1966 to account for the shape of the acceleration pulse [104,
105].
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Figure 1-12. Wayne State Tolerance Curve (WSTC) [80].
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Gadd reasoned that some measure of the area under the acceleration/time curve for a
given impact could form the basis for such an index. However, it was apparent that a
low level of acceleration lasting for a long time was not injurious, whereas a higher
level of acceleration acting for a shorter time was much more likely to be so, even
though the area under the acceleration/time curve could be the same. It was suggested
that if GSI exceeded a value of 1000, there would be a threat to life. Gadd weighted
the area measurement in favour of the acceleration component by raising the
acceleration value to the power of 2.5. This is because the absolute slope of the WSTC

is plotted on a logarithmic axis [80]. The mathematical expression for the GSl is:

Gadd Severity Index (GSI) = fttlz a(t)?5dt  (1.1).

Where a is the linear acceleration pulse measured in terms of acceleration in units of
gravity (g), and (t) is the time duration of the impact in milliseconds. GSI has been
highly criticised because it deviates considerably from the WSTC. Therefore, a new
Head Injury Criterion (HIC), was developed, which considers only that part of the
acceleration-time curve, which can be associated with injury, irrespective of the
waveform shape. This new criterion was suggested by the National Highway Traffic
Safety Administration (NHTSA) based on the work of Versace in 1971, to
quantitatively assess the head injury risk [106]. The HIC is the most commonly
adopted severity coefficient [102, 107]. Prasad and Mertz [82] and Mertz et al. [108]
have reported skull fracture and brain injury curves based on data analysis for many
previous experimental studies (including cadavers, human volunteers and live
animals) [109-112].

An HIC value of 1000 corresponds to a 16% and 18% risk of severe head injuries
during frontal and rear impacts [82, 113, 114], when the impact time duration is 15ms
or lower [82, 113]. Kikuchi et al. [115] concluded that the frontal and lateral impacts
to the head have different tolerances, with the lateral impact tolerance for skull fracture
being about 80% lower than for frontal; stating that this difference must be included
in any risk function for side impact head injury. Similarly, Hertz [84] and Mcintosh
et al [116] concluded that a HIC of 800 is associated with a skull fracture risk during
a side impact to the head. These curves represent an estimate of the injury risks for
the adult population, since adult cadavers were used to obtain the biomechanical data

and this data was not normalised for size, mass and tissue tolerance effects. A child’s
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head has different morphometrics (size and shape) and anatomical structures than an
adult, which influence the head impact response and structural integrity. Klinich et al
[117] commented that the major difference between children and adults is the
proportion of total mass in the head and skull structure and tissue strength. Whilst a
child’s skull can easily deform, it is less susceptible to fracture. These differences

logically would result in a variation in head injury thresholds.

The American Automobile Manufacturers Association (AAMA), which is now known
as the Alliance of Automobile Manufacturers (AAM), therefore, used a scaling method
to estimate the limit values of head injury for children of different ages [93]. It
proposed a HIC of 700 for a six-year-old (6YO) child and a HIC of 570 and 390 was
suggested for a three-year-old child and a one-year-old child, respectively. The
NHTSA has adopted these thresholds and suggested to the Federal Motor Vehicle
Safety Standards (FMVSS) that these limits should be set at a 5% of severe head injury
risk (AlS4+) [93] or a 23% risk of serious head injury (AIS3+) [117]. These values
correspond with brain injury or skull fracture [118]. They are also associated with
head injuries, such as injuries occurring at the base of the skull or compound,
comminuted or depressed skull fractures [81, 117]. Therefore, the Head Injury
Criterion (HIC) will be used in the current study to measure injury risk. The

mathematical expression will be explained in Chapter 2, section, 2.4.2.1.

1.5.2 Neck injury criteria and thresholds

There are currently no widely accepted criteria established for neck injuries due to
their geometrical and structural complexities. However, the NHTSA and FMVSS
have both defined the allowable neck forces to avoid neck injuries, based on a select
number of volunteers, cadavers and test dummies to provide criteria for predicting
injury risk to people with varying anthropometric characteristics based on various
automotive impacts and restraint systems [87, 119-121]. The current injury criteria
for the neck contains individual tolerance limits for compression (neck compression),
tension (force stretching the neck), shear (force perpendicular to the neck column),
flexion moment (forward bending of the neck) and extension moment (rearward
bending of the neck) [87, 122, 123].

The NHTSA established a neck injury criterion with four neck loading mechanisms

and critical limits in the front impacts called ‘Nj;’. In 1984, Prasad and Daniel [124]
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developed the concept of a composite neck injury indicator based on a linear
combination of axial tension loads and extension (rearward) bending moments as a
result of experimental results on porcine subjects. Axial force and moment for the
upper neck were measured at the occipital condyles (My) using a methodology initially
developed by Klinich et al. [117] and Kleinberger et al [119]. They applied earlier
biomechanical experimental research using human volunteers, porcine and human
subjects and post mortem human subjects (PHMSs) and established critical intercepts
values for Njj calculation [87, 122-126]. The established intercept values are designed
to be used for adults, however, a scaling method was used for different dummy sizes
and various critical intercept values were proposed for infants (12-month-old), (3 and
6YO) children, small females and midsize adult males to assess vehicle safety in
frontal impacts [93].

Rear impacts are a significant measure for rear impact related neck injuries. A neck
injury criterion called ‘Nwm” was suggested for such impacts. This approach is similar
to the frontal impact criterion ‘Nj;’ [127]. However, with respect to possible upper
neck injury mechanisms during rear impacts, shear force loads rather than axial force
loads are regarded as the critical load. Previously, it was assumed that shear force
loads were significantly harmful to the facet joints, particularly in the upper neck
region [128, 129]. Shear forces and bending moment (flexion/extension), therefore,
were suggested for upper neck injury criterion (Nkm) calculation during rear impacts.
Mertz and Patrick [87] applied a series of experimental tests based on human
volunteers and suggested critical intercept values, up to which no injury is expected.
These values are designed to fit a midsize adult-male, however, no up-to-date scaling
method was proposed to establish the critical intercept values during rear impacts for
other sizes. Regarding upper neck injury threshold, it was proposed that an upper neck
injury criteria (Nj; and Nkm) of 1 corresponded to a 22% probability of sustaining
serious upper neck injuries [93], which are associated with a risk of alar ligament
rupture, damage to the spinal cord and brainstem and death [93, 94, 130].

Currently, there are no upper neck injury criterion and injury tolerance limits approved
for side impacts. However, one proposed solution is the multi-axial neck injury criteria
(MANIC), which also includes the effects of side acceleration on the neck [131].

Upper neck injury criterion (Nj) for frontal impacts, therefore, will be used in the
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present study to assess the risk of upper neck injury in adults and children. Inaddition,
Nkm Will only be used to assess the upper neck injury risk for adults. All critical
intercept values and upper neck injury criteria (Njj and Nxm) expressions will be
explained in chapter 2, section 2.4.2.2.

1.5.3 Chest injury criteria and thresholds

Many studies have shown that chest tolerance to blunt impact is highly dependent on
overall bone strength [132, 133]. It is essential, therefore, to explain various chest
injury criteria to assess suitable chest injury risk predictors, which can be used to

measure and predict chest injury risk accurately in the real world.

The spinal acceleration criterion (Amax) Was the first criterion used to evaluate human
thoracic response to dynamic loads. It is based on experiments by Mertz and Gadd
between 1968 and 1970 [134] and observed that the level of acceleration that humans
withstand decreases with exposure length. The FMVSS states that peak spinal
accelerations, measured with a Hybrid I1l ATD, should not exceed 60g for more than
3ms to avoid severe thoracic injuries and serious thoracic soft tissue injuries [135].
However, subsequently it was found that spinal acceleration is not a suitable criterion
for chest injuries for a number of reasons; the criterion was determined as load-
dependent and the criteria do not identify any local areas of high stress to the ribcage
[135]. Chest deformation or deflection for blunt frontal loading was more appropriate
than the spinal acceleration criterion [136]. A deformation of 63mm indicates a 33%
risk of sustaining a serious chest injury [137] and a 4% risk of a severe chest injury,
such as heart/aortic injury [99, 108, 119].

Lau and Viano approved the Viscous Criterion (VC) for the evaluation of soft tissue
injuries [137]. The VC is the maximum current product of thoracic compression (C),
which represents instantaneous compression, C(t) and thoracic compression rate (V),
which represents the velocity of chest deformation V(t). Both values are determined
by measuring the sternum deflection [138]. In addition, sixteen lateral thoracic impact
tests of whole-body cadavers were conducted. They found that maximum viscous
response and maximum chest compression were significantly better predictors of
thoracic injury than spinal accelerations. Logistic regression of this data showed a VC

of 1 m/sec, which indicated that a 33% chest deflection produced a 50% risk of serious
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thoracic injury. Moreover, it was proposed that a Hybrid 111 ATD threshold VC be
less or equal to 1.0 m/s. The VC for chest injury is not used widely [139].

In 1998, the currently applied criterion the Combined Thoracic Index (CTI) was
introduced for thoracic injury by the NHTSA. Considered a suitable tool for predicting
a chest injury it has proved a better injury frequency predictor of real-world chest
injuries than chest deflection or acceleration alone [93, 140]. This is due to the fact
that in some cases, the maximum deflection of the Hybrid 111 dummy chest can be
overlooked as a result of the fact that only one chest deflection gauge is available at
the centre of the chest [93, 141, 142]. Therefore, a linear combination model was
developed for injury criteria to assess thoracic trauma and predict serious chest injury.
As it combined two independent chest injury criteria, deflection and acceleration, it
was therefore deemed more appropriate than two independent criteria [127]. The
model measures the change in the distance between the breastbone and the spine, a
reaction to pressure on the chest [143]. Therefore, CTI will be used in this study to
assess the risk of chest injury in adults from frontal impacts. The mathematical
expression will be explained in chapter 2, section 2.4.2.3.

Although the main factors, which can cause a considerable increase in pedestrian-
vehicle impacts in developing countries have been identified, there are many
parameters relevant to pedestrian and vehicle, which significantly influence injury
patterns and injury risk and need to be identified.

1.6 The major factors influencing pedestrian kinematic response,
injury patterns and injury risk during primary and secondary

impacts

This section will briefly focus on the most important parameters that influence the
pedestrian kinematic response, injury patterns and injury risk during primary and
secondary impacts. These can be divided into two types: factors relevant to vehicles
and factors associated with pedestrians. Vehicle factors consist of different
parameters, such as frontal geometry, impact velocity and vehicle contact region, while
pedestrian parameters entail pedestrian age and size and impact position (orientation),

including posture.
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1.6.1 Vehicle factors

Vehicle characteristics and engineering facilities significantly influence the safety of
all vulnerable road users, including pedestrians. These factors include frontal vehicle

geometry, impact velocity and vehicle contact regions.

1.6.1.1 Vehicle frontal geometry

Several studies have indicated that the majority of pedestrians are impacted by the
vehicle frontal geometry during primary impacts [41-43]. Therefore, the frontal
geometry and stiffness significantly influences pedestrian kinematic response, injury
patterns and injury risk [57, 67, 88, 144-151]. During pedestrian-vehicle impacts, the
four-wheel vehicle bumper (fender) impacts the lower legs, causing both feet to leave
the ground. In addition, the bonnet (hood) leading edge (BLE) impacts with the upper
legs and torso, after which the pedestrian’s body rotates towards the vehicle bonnet
[71]. In contrast, when pedestrian-auto-rickshaw impacts occur at the vehicle
centreline, the mudguard impacts the lower extremities. When impacts occurred at the
vehicle offset, a significant pedestrian rotation was produced about the side of the
vehicle, resulting from asymmetric contact with the vehicle side. Therefore, three-
wheeled vehicle-pedestrian impacts produce a different kinematic response compared
to four-wheeled vehicles [40]. This is worthy of investigation to ensure that specific
guidelines can be applied to auto-rickshaws as opposed to general vehicle criteria that

may or may not be relevant.

Many studies have investigated pedestrian-vehicle impacts and reported that the
windscreen [66, 67, 152, 153], windscreen frame [153, 154], A-pillars, front panel
[153] and bonnet [67] are the most frequently head injurious vehicle components and
can cause life-threating or fatal head injuries for adults and children [66]. However,
fewer attempts have been made to investigate pedestrian-auto-rickshaw impacts.
Nonetheless, some studies have suggested that the windscreen and windscreen frame
are the most frequently impacted regions to the head of the adult pedestrian during
primary impacts [40]. However, the location of adult head impacts have not been
reported. Moreover, to date, the primary impacts of auto-rickshaw components on the
heads of child pedestrians has still not been investigated. Therefore, there is a clear

shortcoming in current research in this area, which this study aims to address through
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its exploration of injury risk and thresholds with auto-rickshaws during adult and child

pedestrian impacts.

Injury patterns and injury risks are sensitive and can be influenced by many
parameters, such as the stiffness of vehicle components and the front-end geometry of
a vehicle during primary impacts. Zhang et al. [148] investigated the influence of the
front-end of an SUV on pedestrian head injury, concluding that the stiffness of the
front end of the vehicle significantly affects head acceleration, producing high HIC
values, which correspond to a high head injury risk. This was a consequence of less
energy being absorbed by a stiffer structure and less deformation/displacement
occurring during pedestrian-vehicle impacts. Similarly, King [88] commented that the
acceleration response to head impact depends on the stiffness and geometry of the
surface. Yao et al. [57] used the MADYMO programme to reconstruct 23 child
pedestrian-vehicle impacts using the front end of a passenger car, including
windshield, bonnet, grill, bumper, lower bumper and spoiler. These structures were
controlled by a set of parameters, such as bumper centre height (BCH), bumper depth
(BD), bumper lead (BL) and grill angle (GA), as shown in Figure 1-13. In addition,
three different stiffnesses were used: the high, medium and low impact position to
investigate the influence of front-end geometry and stiffness on the head injury risk of
a child pedestrian. The study found that the head impact injury risk to the child was
significantly influenced by the vehicle shape and stiffness of the front end.

Figure 1-13. Setup of child pedestrian-passenger vehicle impacts and vehicle control parameters
[57].

A cross-sectional study by Henary et al. [149] analysed the U.S. Pedestrian Crash Data
Study (PCDS) database, from 1994-1998, concluding that adult pedestrians impacted
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by light truck vehicles (LTVs) had a greater risk of injury and mortality than passenger
vehicles. Similarly, Tanno et al. [145] concluded that pedestrians who were impacted
by flat-front vehicles sustain severe injuries at a lower impact velocity, compared with
bonnet-front vehicles when analysing 101 pedestrian-vehicle impact scenarios that

occurred in southern Japan between 1993 and 1998.

The previous results were emphasised by Roudsari et al. [146] who established that
pedestrians impacted by LTVs sustained a three times greater severe injury risk
compared with passenger vehicles. Moreover, the mortality rate was two times greater
for pedestrians struck by LTVs than passenger vehicles when the study analysed the
Pedestrian Crash Data between 1994 and 1998 in six U.S. cities. Similar findings were
reported by the study of Ballesteros et al. [150], which concluded that pedestrians
impacted by sport utility vehicles (SUVSs), pick-up trucks and vans were twice as likely
to sustain brain, chest and abdominal injuries, even at low impact velocities, compared
with passenger vehicles. This study was based on accident data for pedestrians injured
in the U.S. state of Maryland between 1995 and 1999.

During the initial pedestrian-vehicle impacts, the kinematic response of the impacted
pedestrian will continue until a pedestrian eventually loses contact with the vehicle
and falls to the ground. The throw distance of a pedestrian is significantly influenced
by many factors, including vehicle front-end geometry. Bhalla et al. [53] found that
throw distance for an adult pedestrian was 45% influenced by vehicle geometry. They
investigated different vehicle geometries, including, SUVs, mid-size and small-size
vehicles and found that a high bonnet leading edge (BLE) produces a high throw
distance, this was confirmed by Hamacher et al. [72]. In addition, Simms et al. [155]
reported that forward projection occurs when a high-fronted vehicle geometry impacts
a pedestrian. Moreover, a study by Crocetta et al. [70] found that the most common
sequence of landing patterns for adult pedestrians impacted by a van vehicle were
ground impacts at the pelvis or legs, followed by torso and head. In contrast, the head
of adult pedestrians first impacted the ground when they were initially impacted by a
large SUV. These findings were reported when the study investigated the influence of
different vehicle front-ends on pedestrian landing mechanisms with the ground using
three low-fronted vehicles represented by a sports car, compact car and big car and

two high-fronted vehicles, represented by an SUV and van.
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Regarding pedestrian injuries caused by the ground, the front-end geometry of a
vehicle considerably influences the injury patterns and injury risk. Simms et al. [156]
used the MADYMO programme to investigate the influence of vehicle shape on
pedestrian head injury risk during secondary impacts. The study used two pedestrian
sizes (midsize and small female) impacted by a passenger vehicle and SUV and
concluded that the head injuries and HIC values produced by the ground impacts are
significantly correlated with the bonnet leading edge (BLE). Similar findings were
reported by Hamacher et al. [72] who stated that a high BLE increases the head injury
risk during contact with the ground. However, comparison between a passenger
vehicle and the auto-rickshaw, which has a front-end geometry almost similar to an

LTV and van with a high frontal end, has not yet been investigated.

Given the fact that the auto-rickshaw is so widely used by people in developing
countries, it is clear that more needs to be done to ensure that such vehicles meet safety
needs and that their potentially damaging effect on pedestrians during an impact can
be reduced. It is important to establish how the front end of such vehicles will affect
pedestrian throw distance, landing orders and injury risk. This study explores these

aspects.

1.6.1.2 Vehicle impact velocity

Impact velocity is the key factor, which significantly influences the kinematic response
of a pedestrian impacted by a vehicle during primary and secondary impacts [68, 151].
Head impact time duration is the most common aspect during primary impacts, which
can be used by engineers and road accident investigators to reconstruct the accident
and improve the pedestrian safety of vehicles. Understanding and identifying the head
impact time can be used by automotive designers to enhance active safety, such as pop
up, autonomous braking systems (ABS) and airbag technologies, considering the

activation time protection with different pedestrian detection sensors [151, 157-159].

Head impact time duration can be defined as the duration of contact between the first
pedestrian body region with a vehicle, until pedestrian head contact occurs [160].
Numerous studies have indicated that the head contact time decreases with increasing
impact velocity for both child [57, 160-162] and adult pedestrians [55, 159-164].
However, most of the previous studies investigated pedestrians impacted by four-

wheeled vehicles. No previous attempts have been made to report head contact time
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for pedestrians impacted by auto-rickshaws. Therefore, head contact time duration for
adult and children pedestrians impacted by three-wheeled vehicles at different impact
velocities is uncertain. As auto-rickshaws are used so frequently in developing
countries, it is essential that head impact time durations are explored, specifically
within this context, to aid pedestrian safety and reduce any potential consequences of

an impact. This is a further important aspect that this study wishes to explore.

Impact velocity is a crucial factor that can affect injury severity, for both vehicle
occupants and vulnerable road users (VRUS), including pedestrians. Many previous
studies have concluded that impact velocity is a key determinant of injury severity and
fatality during primary impacts for both adults and children [161, 165-167]. Pedestrian
road accident investigations have reported that the vast majority of pedestrian impact
injuries are associated with impact velocities of between 25 and 55km/h [168, 169].
Therefore, many regulations have been established worldwide to control vehicle-
driving velocity in urban areas. In the UK, for example, it was legislated that 20 and
30 mph limits be applied in urban environments, which is equal to 32 and 48km/h,
respectively [170, 171]. Road accident databases in Europe show that the most
frequent impact velocity is up to 40 km/h in urban areas, which has been taken as a
base factor when designing the New Car Safety Assessment Programme (Euro-NCAP)
impact test procedure [172] and 35km/h for the Global Technical Regulations (GTR)
[173].

Under the concept of road traffic injury (RTI), vehicle mass and vehicle impact
velocity are properties of all the energy that can be transferred during an impact.
Impact velocity significantly influences the transfer energy, compared with vehicle
mass. Khorasani-Zavareh et al. [165] commented that increasing vehicle impact
velocity increases the transfer of energy during impacts and produces harmful or fatal
injuries. Similarly, Watanabe et al. [166] concluded that the injury risk became greater
with the impact velocity when investigating the risk of head and chest injury. The
study used three different pedestrian Finite Element (FE) models, including a mid-size
adult male (50"percentile), a large-size adult male (95"percentile), and a female
(5"percentile), impacted by three FE vehicle models (Sedan, SUV, Mini-Van) at two
vehicle contact regions (centre and the corner of the bumper) at impact velocities

between 20 and 50km/h. Similar findings were reported by Hyeok Park et al. [167],
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who concluded that the Combined Thoracic Index (CTI) increased with impact
velocity, which indicated an increase in chest injury risk. The study investigated chest
injury during unconstrained frontal impacts between human and mobile robots using
the MADYMO programme. McNally and Rosenberg [174] concluded that the
probability of a serious thoracic injury, based on CTI, linearly increased significantly
with impact velocity and increased the probability of sustaining a serious chest injury

when evaluating the safety of a 6YO-child cyclist impacted by vehicles.

In addition, many studies have concluded that there is a significant correlation between
HIC criterion and impact velocity for both adult [68, 149, 160, 163, 164, 175, 177-
181] and child pedestrians [57, 149, 161], during primary impacts. This indicates that
an increase in impact velocity leads to an increase in head injury risk. However, many
previous studies have also concluded that there is no obvious correlation between
pedestrian HIC ground interactions and vehicle impact velocity [68, 156, 176, 182].
Shi et al. [176], nonetheless, concluded that head injury risk was influenced by
pedestrian body landing order. In addition, landing head first may produce a greater
head injury risk. The authors collected these results from an investigation of
pedestrian-vehicle impacts for four different pedestrian sizes (50" and 95" males, 5™
female 10YO-child pedestrians), six initial gait percentages (10%, 25%, 40%, 60%,
75% and 90%) and five distinct vehicle types at impact velocities of between 20 and
60km/h. Furthermore, many other studies have concluded that head injury risk, caused
by a secondary impact, is higher than the head injury risk from a primary impact, even
at low impact velocities, such as at 20km/h [70-72, 176]. Simms and Wood [55],
confirmed that the HIC produced by secondary impacts results in far more
unpredictable injuries than primary impacts.

During pedestrian-vehicle impacts, throw distance increases according to impact
velocity. Many previous studies have found that there is a noticeable correlation
between the throw distance and impact velocity [53, 72, 160, 183-186]. In addition,
Fugger et al. [183] and Wood et al. [186], when exploring the pedestrian projection
distance, used a numerical model to estimate vehicle impact velocity, proposing that
the forward throw distance of the impacted pedestrian would be in the range of 3—11m
at an impact velocity of 25km/h. Tammua and Duma [71] and Simms et al. [155], on

the other hand, reported that velocities of 25km/h might cause forward projection
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distances of almost 5m. The variation in impact velocity leads to different landing
orders. Crocetta et al. [70] concluded that the changes in impact velocity influences
pedestrians’ dynamic response, which leads to different ground contacts and landing
mechanisms. Similarly, Kendall et al. [68] reported that vehicle impact velocity
influences kinematic response and ground impact mechanisms. Moreover, Shi et al.
[176] found that increasing vehicle impact velocity increased the rotational angle of
the pedestrian body and was highly correlated with the pedestrian ground landing
mechanisms. Otte and Pohlemann [54] reported that the body flew at close to the
vehicle velocity before impacting with the ground with the left knee first when

impacting a real-world pedestrian dummy with a car at 79km/h.

It is apparent from the literature that most researchers have tended to focus on adult
and child pedestrian-four-wheeled vehicle impacts. However, less attention has been
paid to report the injury outcomes produced by adult pedestrian-auto-rickshaw impacts
[32, 40]. Although some studies have concluded, when investigating primary impacts
with auto-rickshaws, that head injury risk for adult pedestrians is significant at impact
velocities between 10 and 30km/h, primary impacts for child pedestrians have not been
reported. In addition, no previous studies have reported the throw distance, landing
orders and injury metrics produced by secondary impacts, when a pedestrian is initially
impacted by an auto-rickshaw. This very apparent research gap makes it clear that
much more needs to be done to ensure pedestrian safety in developing countries. The
findings of this study will address such concerns and provide manufacturers and
engineers with important data that can be used to improve models and designs with

safety in mind.

1.6.1.3 Vehicle impact region

Even though impact velocity is the key parameter that significantly influences
kinematic response and injury risk of a pedestrian during primary impacts, head impact
location and head impact angle during pedestrian-vehicle impacts represent a
significant aspect of the dynamic response. The head impact angle refers to the angle
between the direction of the head impact velocity and the ground reference level during
pedestrian-vehicle impacts [53]. In contrast, the head contact location is the position

of a pedestrian head impact with the vehicle components. Okamoto et al. [187]
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concluded that the head impact location and impact angle are influenced by the initial

vehicle-pedestrian contact location.

Regarding injury risk, it has been reported that vehicle contact region affects the injury
risk, particularly in head and chest body regions [166]. Similarly, McNally and
Rosenbeng [174] concluded that the thoracic injury of a 6YO-child on a bicycle varied
with vehicle contact region when investigating the influence of the vehicle centreline
and bumper corner on injury risk. Gupta and Yang [182] concluded that the variation
in vehicle contact region leads to a significant variation in landing injuries when
investigating the influence of different vehicle front-end profiles (mid-size vehicle and
a SUV vehicle), pedestrian sizes (50", 5" and 6'YYO-child) and vehicle impact regions

(centreline and bumper corner) at impact velocities of 30 and 40km/h.

The previous studies investigated the influence of the vehicle contact region of four-
wheeled vehicles on pedestrian kinematic response, including head impact location
and head impact angle. In addition, they explored injury risk during primary impacts
and landing injuries. Three-wheeled vehicles have been investigated to some extent
by Chawla et al. [40], who concluded that the dynamic response of an adult pedestrian
changes significantly with vehicle contact region, with a vehicle offset producing a
rotational movement to the vehicle side. However, head impact time, location, angles
and landing injuries were not reported. In addition, the dynamic response and injury
outcomes of a child pedestrian impacted by an auto rickshaw at different front impact
regions, or landing injuries of an adult pedestrian initially impacted by an auto
rickshaw at both vehicle contact regions (centreline and offset) have also, not been
reported. Therefore, this study is the first to attempt the exploration of such factors
within the context of auto-rickshaws.

1.6.2 Pedestrian factors

Pedestrian size is significantly associated with pedestrian gender and age, which
influences the dynamic response and injury outcomes during pedestrian-vehicle
impacts. In addition, pedestrian impact position is noticeably associated with
pedestrian behaviour and pedestrian culture, which can lead to different kinematic

responses and injury metrics during pedestrian-vehicle impacts.
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1.6.2.1 Pedestrian age and size

Pedestrian age is significantly associated with pedestrian size. Huelke [188] and Brun-
Cassan et al. [189] reported that children differ from adults in many respects, due to
the large variability of body size, mass distribution, characteristics of the developing
body structures and injury tolerance. Similarly, Klinich et al. [117] and Okamoto et
al. [187] reported that there were significant differences in size, mass, height and
anatomical features between adults and children. Many previous studies have
concluded that these differences lead to a significant variation in kinematic response,
severity and injury patterns for different pedestrian sizes [69, 123, 149, 151, 162, 166,
187, 190, 191] and make the head of the child less resistant to impact trauma [192,
193].

Head impact location and head impact time are the most commonly studied elements
of the dynamic response of a pedestrian impacted by a vehicle. Okamoto et al. [187]
reported that the head impact location varied with pedestrian height, which is
associated with pedestrian size and age. Similarly, Peng et al. [151] commented that
the head impact location varied with pedestrian size, while Liu and Yang [161]
concluded that the head impact time observed during pedestrian-vehicle impacts for
adults and 15YO-child pedestrians is significantly influenced by pedestrian size. More
specifically, they found that the head contact time duration for a 6YO-child is less than
for a 15YO-child. The study investigated a range of impact velocities between 30 and
50km/h and the front-end shape of a mid-size passenger car impacting the side of a
pedestrian body. Similar findings were reported by Ito et al. [194], who concluded
that the head contact time occurred later during the primary impact, in accordance with
age when investigating the kinematic response and head injury mechanisms of vehicle
impacts with three children (3YO, 6YO and 10YO) and an adult interacting with three
different vehicles during side impacts at 10 and 40km/h.

The European Enhanced Vehicle Safety Committee (EEVC) established subsystem
head safety tests using two different head forms (for adults and children). They
reported that there is a significant difference in head impact angle between adults and
children: at 40km/h, corresponding to 65 and 50 degrees, respectively [195]. Peng et
al. [151] also emphasised the results of EEVVC, concluding in their study, that the head

impact angle varied with size. Similarly, Watanabe et al. [166] found that variation in
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pedestrian size influences injury risk variation when investigating head and chest
injuries. Venkatason et al. [192] found that variation in pedestrian size leads to a

significant difference between the HIC and injury risk.

During pedestrian-vehicle impacts, the neck region is the most stressed body part due
to the relative motion between the head and the torso [196]. Previous studies by
Lapner et al. [197] and McGeehan et al. [198] reported that the child’s neck is easily
injured and Eppinger et al. [93] commented that a variation between the neck ligament
stress, neck circumferences and neck length for adult and child might affect injury
severity. A similar finding was made by Parr et al. [94] who commented that the
variation in gender, neck strength, head size, neck length and body mass all influence
the upper neck injury criterion (Njj). Elias et al. [199] found that although the head,
neck and chest are connected to each other, a neck injury might occur even when there
are no head or chest injuries. Therefore, a neck injury is significantly sensitive to

pedestrian size and age.

These results were based on the analyses of crash test data from front and side impacts
with a school bus, to assess the protective capability and injury mitigation for
occupants during impacts at velocities between 48 and 72km/h. Most of those previous
studies focused on the neck injury criterion during frontal vehicle impacts. Shear force
is the most common force in rear impacts and may be more harmful. Panjabi et al.
[91], for example, concluded that shear force has a significant influence on spinal cord
injuries and is associated with soft tissue injuries to the cervical spine intervertebral
joints [128, 129].

It is clear from the above that all previous studies have reported the impact sequence
for adult and child pedestrians during primary impacts when impacted by a four-
wheeled vehicle, including the dynamic sequence, head impact location, head impact
time and head impact angles. In addition, injury patterns for both adults and children,
including different body regions, such as head, neck and chest have been explored.
There are, however, few studies on adult pedestrian-auto-rickshaw impacts,
particularly in terms of the kinematic response, injury metric and injury risk. Child
pedestrians-auto rickshaw impacts have not been investigated. In addition, head
impact location, head impact time, head impact angle and neck injury for both adult

and child pedestrians have not yet been reported [32, 40]. This gap in current research
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makes it apparent that there is an urgent need to address such issues to improve the
safety of pedestrians in developing countries where auto-rickshaw use is particularly

common.

1.6.2.2 Pedestrian impact position and posture

Pedestrian impact position and posture during primary and secondary impacts are
significant factors that influence the dynamic response, injury patterns and injury risk
during pedestrian-vehicle impacts. Yao et al. [57] concluded that the dynamic
response and injury outcome for a child pedestrian, during primary impacts are
significantly influenced by the initial posture and the orientation of the pedestrian. The
kinematic response includes the post interactions between the pedestrian’s body
regions and vehicle components. Head contact time, location and angles are
significantly influenced by pedestrian impact position and posture. Simms and Wood
[200] conclude that the pedestrian impact position significantly influences the dynamic
response of pedestrians during primary impacts. The study noted that the front and
rear facing impact positions led to earlier head impacts, due to a lower effective radius
of rotation about the bonnet leading edge compared to side positions. These results
were based on investigations of pedestrian head contact forces with the vehicle and
ground using two impact positions, including front and side at impact velocities of 18,
36 and 72km/h, respectively. However, head impact location and head impact angles
were not investigated in Simms and Wood’s study [200]. Peng et al. [151] concluded
that leg posture has a significant influence on the dynamic response of adult and child
pedestrians, resulting from a change in position of the centre of gravity and resulting
head impact locations and impact angle variation. The change in a pedestrian’s gait
can result in the absence of head-vehicle impacts at low vehicle impact velocities. The
study used two pedestrian sizes (50" adult and 6YO-child) during seven gait
percentages (0%, 20%, 40%, 60%, 80%, front and rear) with five different vehicle
frontal profiles including super mini car (SMC), small family car (SFC), large family
car (LFC), multi-purpose vehicle (MPV) and sport utility vehicle (SUV).

The changes in pedestrian impact orientation and gait during an impact could influence
the injury risk. Simms and Wood [55], therefore, investigated the influence of impact
position on impact load during pedestrian-vehicle impacts including front, rear and

side position, reporting that side impacts produce low impact loads, compared to
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frontal and rear impacts. This might be a result of the lower effective radius of rotation
about the vehicle front during pedestrian front and rear impact positions compared to
the side position. Similarly, Liu et al. [175] concluded that the risk of skull and brain
injury was greater for an adult impacted to the rear impact position, compared to the
front and side impact positions. They tested pedestrian-passenger vehicle impacts at
different impact positions, including front, rear and side using a Finite Element Method
(FEM), changing the gait of a pedestrian during primary impacts was found to
significantly influence pedestrian injury risk. Previously, Peng et al. [151] concluded
that a change in pedestrian gait resulted in a change in the centre of gravity, which
produced different stress points on the pedestrian head and different linear and angular

accelerations, which are associated with different injury risk.

Moreover, Bhalla et al. [53] concluded that impact position significantly influences
the pedestrian throw distance, by up to 28% when investigating two impact positions,
front and side, impacted by various vehicle geometries, such as SUVs, mid and small
sizes. Hamacher et al. [72] concluded that the leg and arm posture of a pedestrian,
during pedestrian-vehicle impacts, significantly influenced a pedestrian’s rotation
during the secondary impacts. This study used four different pedestrian sizes (5"
percentile female, 50" percentile, 95™ percentile male and 6-year-old child) located at
the front of a vehicle in the side position with different stances impacted by six vehicle
models (compact car, sedan, van, SUV, one box, sports car) at impact velocities
between 20 and 40km/h. The study of Crocetta et al. [70] concluded that the changes
in pedestrian posture, during the side impact position, influences pedestrian dynamic
response, which leads to different ground contacts and landing mechanisms. Similarly,
Kendall et al. [68] found that the change in pedestrian stances and impact orientation

significantly influences kinematic response and ground impact mechanisms.

This section has indicated that all previous studies have investigated the influence of
pedestrian impact position, during pedestrian-four-wheeled vehicle impacts, including
three impact orientations (front, rear and side). Less emphasis has been given to
investigate the influence of adult pedestrian impact position, during pedestrian-auto-
rickshaw impacts, including rear and side impacts. Furthermore, rear and side impact
positions have not been investigated for child pedestrians. Given the growing

importance that is being given to improving child safety, it is clear that more efforts
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must be made to protect child pedestrians, particularly in developing countries where
such a large proportion of fatal accidents occur. In addition, frontal impacts and
pedestrian posture have not been investigated, during primary and secondary impacts
within the context of auto-rickshaws. Moreover, no previous studies have investigated
the influence of different initial impact position on the throw distance, landing orders,
injury metric and injury risk when a pedestrian is initially impacted by an auto-
rickshaw. Again, this highlights an urgency for this study such that it provides clear,
empirical evidence that can help manufacturers and engineers to improve safety

standards.
1.7 Active and passive safety approaches

Typically, pedestrian-vehicle safety can be split into two types: active and passive
safety. The essential purpose of these two approaches is to prevent road traffic

accidents or reduce injury risk during collision accidents.

1.7.1 Active safety

The active approach is focused on a system of warnings, that attempt to avoid road
accident scenarios occurring in the first instance by reducing the vehicle velocity
automatically prior to impacting an object, such as using anti-lock braking systems
(ABS) and detective radars [201, 202].

1.7.2 Passive safety

Passive safety features are systems that are passive until required. They activate during
an impact to minimise the harm or damage and protect all road users, including
occupants and pedestrians. Seat belts, airbags and interior and exterior vehicle
structure impact mitigation designs are examples of such safety features [201].
Engineering enhancements to the vehicle front-end geometry, materials and
component thicknesses could increase a vehicle’s ability to absorb and dissipate
impact energy during pedestrian-vehicle impacts [203] and could significantly lead to
a reduction in injury risk and fatality. Jakobsson et al. [204] noted a trend towards
increasing risk of injury if a higher acceleration impulse was estimated to have
occurred in a real-world crash. In particular, a high acceleration impulse was estimated

when stiff structures were engaged during impact. In addition, Muser et al. [205]
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suggested that cars produced in the late-1990s had a stiffer structure than previous
vehicles and therefore produce an impulse with higher acceleration levels. As shown
in Figure 1-14, a basic spring-mass model provides a reasonable approximation of the
stiffness response. The application of a spring that has a nonlinear force-deflection

characteristic leads to a considerable improvement in vehicle crash tests.
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Figure 1-14 Spring-mass model [206].

Where k is the spring stiffness (N/m), m is the object mass (kg), v is the initial impact
velocity (m/s) and a is the model’s displacement (m). The basic concept is, that during
impact, as shown in Figure 1-4, when the stiffness of a spring is high it produces less
displacement and a higher acceleration. If the stiffness of the spring was low it would
produce a greater displacement and a lower acceleration. Similarly, Linder et al [206]
concluded that the vehicles which perform well in damageability (very stiff structure)
impart a higher acceleration. While vehicles with less stiff structures can be
significantly deformed and produce low accelerations. Therefore, the stiffness is the
key factor during pedestrian-vehicle impacts and vehicle-vehicle impacts, which

produce variation in the mean accelerations, pulse shape and peak accelerations.

Traditionally, automobile bodies have been made of low carbon steels, mainly due to
their low cost and malleable nature, making them the most common form of steel, the
average price for steel is currently approximately $0.93/kg [207]. Recently, there has
been a change from low carbon steels to a combination of steels, light alloys and
polymer matrix composites [208]. One of the reasons the automobile industry has
been targeting these new materials is for their reduced weight, which allows for an
improved fuel economy and more importantly, reduced environmental pollution [208].
Furthermore, these materials have not been selected solely on their weight reduction
potential, but also for factors including safety, durability and cost.
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The two materials that stand out as the best alternatives to steel are aluminium and
magnesium, especially for use in automotive manufacture. Although the two materials
are both more expensive than carbon steel, they are far cheaper alternatives than
composite materials, which are mostly used in high performance vehicles. Aluminium
is far more popular and widely used than magnesium in the automotive industry, but
there are still many examples of magnesium being used in structural applications
within some of the leading vehicle brands [209]. Whilst it is desirable for the safety
of pedestrians that the vehicle deforms under impact, it is also important for the
structure to remain rigid when in normal use so that the body of the vehicle keeps its
shape to protect occupants. The body of a vehicle deforms during acceleration and
deceleration when load transfer occurs [210], such that a stiff structure will minimise
the amount of bending taking place. However, the structural parts of material in the
vehicle must be redesigned to achieve the same stiffness [211]. There are also some
alternative materials to glass that can be used for the windscreen of a vehicle.
Polycarbonate (PC) sheet is one of the transparent thermoplastics that is often used in
the windscreens of automobiles and aircraft. The material weighs significantly less
than glass and better absorbs energy during impact. Polycarbonate is used widely
throughout the car industry as a windscreen and is implemented into high performance

cars for its weight reduction and high-impact resistance [212, 213].

1.7.2.1 Aluminium

It is expected that the growth of aluminium in the automotive industry will mainly be
in the body structures and body panels of a vehicle, such as a car’s front bumper and
bonnet, which are the areas associated with crashworthiness during an accident [208].
Aluminium has a density of 2700 kg/m3, which is much lower than that of steel
(approximately 7890 kg/m3). Coupled with the fact that aluminium has a higher crash
energy absorption per unit weight, the use of aluminium over steel means great weight
saving can be achieved by automobile manufacturers, whilst also improving the
crashworthiness of the structure [208]. Many studies [214-216] have pointed out that
energy absorption is a significant design factor for pedestrian safety and aluminium
alloys have excellent energy absorption properties. Energy absorption can lead to a
reduction in the transferred kinetic energy during pedestrian-vehicle impacts and thus,

can prevent or reduce the peak reaction force transfer to the pedestrian and decrease
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the injury risk [217]. The average prices of aluminium and magnesium are higher than

steel with an approximate price of $2.29/kg and $5.36/kg, respectively [207].

Each aluminium alloy is given a four-digit number, where the first digit indicates the
major alloying element, the second-if different from O-indicates a variation of the alloy
and the third and fourth digits identify the specific alloy in the series. The alloys that
are most widely used for these applications are the 5xxx series Al-Mg alloys, which
are non-heat treatable, and the 6xxx series Al-Mg-Si alloys, which are heat treatable
and can therefore be strengthened through heat treatment [209]. In contrast, alloys
with a higher yield strength tend to be more expensive and suit structural applications

within aircraft, such as the 7xxx series aluminium-zinc alloys.

1.7.2.2 Magnesium

Although magnesium is the third most commonly used metal in automobiles, after
steel and aluminium, it has limited structural applications in today’s vehicles, but may
experience significant growth in the future, should certain challenges be overcome.
Magnesium has many advantages over both steel and aluminium. Firstly, it is the
lightest structural metal with a density of about 1780 kg/m3 and has a specific strength
similar to cast iron. Hence, it can provide an even greater mass reduction than
aluminium [208]. In addition, magnesium has a high specific stiffness, great cast
ability and many alloys even have a better crashworthiness rating than aluminium.
Magnesium also has many disadvantages, with one of the main problems being its
poor galvanic corrosion resistance. Pure magnesium has the highest standard
reduction potential of the structural automotive metals, making it vulnerable to
galvanic corrosion. For this reason, magnesium is always alloyed with other metals,
mainly aluminium and zinc, to provide adequate corrosion resistance as well as
sufficient strength and formability [208]. AZ91 is one of the most commonly used
types of magnesium and has made significant inroads to replacing aluminium in many
non-structural and low-temperature applications [209]. AZ91 is, however, not suitable
for external structural applications, due to its poor formability and is mostly limited to

applications inside the car.

The number of commercially available magnesium sheet alloys for external
automobile body panels is very limited, with the most popular being the AZ31B Mg-

Al-Zn alloy. One issue with magnesium sheet is that the properties are usually

40



Chapter 1. Introduction & literature review

anisotropic so the strength and ductility may vary with direction on the sheet due to an
irregular grain structure [208]. Another issue that surrounds magnesium sheet is the
limited formability at room temperature, which makes assembly processes for outer
body panels difficult [208, 218]. There are far more examples of magnesium sheet
being used for inner panels, which form the structure of the vehicle but cannot be seen
from the outside, such as the space frame and inner door panels of cars [208, 219].
Despite this, there are still a few applications of magnesium sheet to the external
structural elements of automobiles, mostly through prototype models. For example,
Volkswagen made a prototype car bonnet for their Lupo model using AZ31 sheet [208]
and General Motors have made several structural panels in their cars, including
bonnets, out of similar magnesium sheet materials [215, 218]. In addition, the study
of Savic et al. (2014) [220] concluded that the Mg AZ31-O produced the most
favourable HIC score relative to other automotive materials, such as AZ61-0O,
ZEK100, 6111-T4 and 5182-0, when considering pedestrian safety improvements by

a series of experimental and numerical tests.

1.7.2.3 Polycarbonate

Glass has long been used as the “go-to material” for windscreens in the automotive
industry, albeit in the modern day, it has been in the form of laminated glass (two
sheets of glass with a polymer interlayer) [221]. Whilst glass does have excellent
transparency and scratch resistance, it is a brittle material and has a lower impact
resistance than many competing windscreen materials [222]. It has an average price
of $1.70 [223]. Polycarbonate (PC) is a very durable material with excellent impact
resistance and is often used in the windscreens of race cars, motorcycles, fighter jets
and is even used in bullet-resistant glass (the polycarbonate is sandwiched between
layers of glass) [213, 222]. PC can easily be worked and moulded, hence why it has
such a range of applications. It is a highly transparent polymer in visible light and even
has superior light transmission characteristics than many types of glass. Nonetheless,
the material has a low scratch resistance, so marks much more easily [222]. However,
thin sheets of clear film are often used as a cost-effective way to protect the PC from
damage [213]. The price of PC is almost double that of glass per kg, with an
approximate cost of $3.08/kg [224].
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1.8 Cost-Benefit-Analysis (CBA) and road traffic accidents costs

As will be explored in more detail in the subsequent chapter, this study will use a cost-
benefit analysis to investigate how auto-rickshaws can have the greatest safety at the
lowest cost. Therefore, it is important to understand exactly what is meant by a cost-
benefit analysis, given that it can have different meanings depending on the field in
which it is employed. The main aim of a cost-benefit analysis is to maximise the
present value of all benefits less that of all costs [225]. Maximising the present value
of the benefits varies according to the project. For example, the benefits could be
environmental, political or medical. Therefore, it is a useful analytical tool for
planners, manufacturers and engineers to simplify the decision-making process.
Automobile engineers, who are interested in creating safe vehicles, tend to focus on
injury mitigation, which is related to passive safety, or accident prevention which is

related to active safety.

Road traffic accidents have an estimated total cost of US$65 billion for low- and
middle-income countries, which exceeds the total annual amount of money that these
countries receive for developmental assistance [1]. A study in Bangladesh showed
that the average treatment cost during a hospitalisation for a road traffic injury in 2001
was US$86. However, the per capita annual income was less than US$500 [226]. In
addition, estimations in Thailand found the average total cost incurred per patient who
suffered a road traffic injury in 2004 to be US$2596, which exceeded the per capita
annual income of US$2513 [227]. Thus, mitigating potential road traffic injuries is
paramount in not only improving public health, but also allowing for a reduction to
these extortionately high costs that hinder growth in developing countries. Therefore,
estimating the increased cost of these suggested materials must be balanced against the

potential costs saved by attaining a lower severity injury.

Several studies have shown that mean costs incurred during road traffic accidents
increase with injury severity [228-231]. Costs associated with road traffic injuries
differ between countries, especially when comparing costs within developing
countries to that of higher-income countries, where the healthcare is more advanced
and far more expensive. One study of road traffic injuries in Indonesia estimated that
average total costs for minor injuries are around US$464 per crash, for serious injuries
are around US$1,400 and for fatal injuries are approximately US$37,168 [229]. A
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similar study in India found minor injuries in 2013 cost approximately US$628, while
major injuries cost US$6,047 and fatal injuries were predicted at US$114,487 [232].
These studies highlight the economic disparity between the road traffic injury costs of
two Asian countries, where different transport modes are used including auto-
rickshaws. However, they do not differentiate between the costs of injuries to different
areas of the body or the actual AIS level of those injuries. The study of Nguyen et al.
[231] provided a more in-depth analysis of how costs differ between AIS level injuries
and body region for pedestrian road traffic injuries in the Thai Binh province, Vietnam.
Pedestrians injured in the study had the highest direct medical costs, higher than
cyclists, motorcyclists and car occupants. The study estimated the mean costs to
pedestrians for three different body regions: head, neck and chest and classified the
cost of injury according to AIS between moderate (AIS2+) and critical (AIS5+) injury.
The average cost for severe head injuries were estimated to be $2700, while neck and
chest injuries were estimated to cost as high as $1520 for serious injuries. No

significant cost differences were reported for both body regions [231].
1.9 Finite Element Analysis (FEA)

In addition to the cost-benefit analysis, this study will also make use of a finite element
model (FEM) to better understand the specific mechanics of an auto-rickshaw -
pedestrian impact interaction. FEMs enable researchers and engineers to gain a clearer
understanding of an impact scenario in the simulation environment [233]. There are
many types of software that can be used according to the desired simulation. However,
MADYMO and LS-DYNA are the most common and widely used in vehicle-vehicle
and vehicle-pedestrian impact tests.

MADYMO (Mathematical Dynamical Models) is a general-purpose software package,
which can be used to simulate the dynamic behaviour of mechanical schemes. It is
used widely in industrial engineering, research laboratories and technical universities.
It has a unique combination of fully integrated multibody and finite element
techniques. MADYMO software has been used for many pedestrian models [153, 234,
235]. The software code is appropriate for running numerous models, as it simplifies
structures into a series of ellipsoids, connected by joints with the suitable mass and

inertia properties. A vehicle and a dummy can be modelled with ellipsoids, which
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approximate their exact geometry and their stiffness values can be modelled as single

force-deflection load curves [236].

LS-DYNA, on the other hand, is an explicit 3D non-linear finite element code
developed by John Hallquist at Lawrence Livermore National Laboratories in 1976
[236, 237]. It is completely automated contact analysis capability and error-checking
features have allowed users worldwide to solve effectively many impact problems,
such as vehicle-vehicle impacts and vehicle-cyclist and pedestrian-vehicle impacts
[233]. This finite element (FE) approach has permitted the input of different materials,
based on real-world data and experimental investigations. LS-DYNA’s strength lies
in its ability to deal with large structure deformations and to closely simulate
interactions between different material types and complex geometries enabling
pedestrian-vehicle interactions. For this reason, a decision was made to use LS-DYNA
in this study.

Livermore Software Technology Corporation (LSTC) distributes a commercial
version of LS-DYNA, which is widely used by global automotive companies, such as
General Motor (GM), Chrysler, Ford, Jaguar, Volvo, Peugeot, Citroen, Opel and
Renault [238]. An explicit time integration scheme offers advantages over the implicit
methods found in many FEA codes. A solution is advanced without forming a stiffness
matrix (therefore, saving storage requirements). Complex geometries may be
simulated with many elements that undergo large deformations. For a given time step,
an explicit code needs fewer computations per time step than an implicit one. This
advantage is particularly strong in solid and shell structures. In extensive vehicle
impact crash analyses, the explicit method has been shown to be quicker, more
accurate and more versatile than implicit methods [239]. The fully automated contact
analysis capability in LS-DYNA is easy to use, robust and validated. It uses constraint
and penalty methods to satisfy contact conditions. These techniques have worked
extremely well over the past twenty years in numerous applications, such as full-car
crashworthiness studies, systems/component analyses and occupant safety analyses.
Many impact dummies have been developed to use in road traffic accident

reconstructions.
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1.9.1 Impact test dummies

Originally in 1949, an impact test dummy named Sierra Sam was introduced by
Samuel Alderson, which was designed based on cadaver and animal testing
information to look like a human. This launched a 95" percentile male, which became
the prototype and was the model for later more anthropomorphic dummy
constructions. Muscles, joints and other parts of the human body were specifically
modelled and simulated in dummies [240, 241]. The main features of the dummy were
durability and serviceability. However, it had poor repeatability and was limited to its
human-like exterior shape, body weight and the stiffnesses and ranges of motion of its
articulated limb joints.

In 1971, the first automotive crash test dummy (Hybrid I-50" percentile male dummy)
was introduced by General Motors (GM), Alderson Research and Sierra Engineering.
It was more durable and brought about more consistent results. However, the data
acquired did not give enough insight into how to reduce injury and only the
effectiveness of restraint could be tested [242, 243]. In 1972, the Hybrid Il dummy
was produced with respectable knee, spine and shoulder response as a result of the
shape and joint stiffness improvements. Furthermore, it was the first dummy to meet
the Federal Motor Vehicle Safety Standard (FMVSS) requirements for frontal impact
testing, to fulfil regulations governing restraint systems. However, it was not enough

to replicate the human response.

After 1972, many material and biomechanical engineering studies continued by testing
different materials, to obtain the ideal stiffness properties to increase the accuracy and
reliability of the crash dummies [242, 243]. In 1976, General Motors launched a new
adult dummy with a new neck and thorax called Hybrid Il dummy. It had more
transducers, better data collection and became the industry standard [242]. The Hybrid
111 dummies, (anthropomorphic test devices (ATDs)) include the 95" percentile male,
5% percentile female, 50™, three and six years old (6YO) child dummies in life-size
dummies, equipped with sensors that recorded accelerations, forces, moments and
displacements. This recorded data can be used to assess the injury risk levels for many
body regions that a human would experience during a collision. In an ideal world,

ATDs should behave like real human beings, while being robust enough to produce
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consistent results across several impacts. There is a wide variety of ATDs available

to represent different human sizes and shapes [244].

One decade later, the FMVSS 208/ New Car Safety Assessment Programme (NCAP)
became accepted as an alternative test methodology for government compliance. In
1998, it was used by Economic Commission for Europe (ECE)-R94 and came into
effect. Several sensors were fixed to the head, chest and neck to record all loads during
the impacts, such as the head area of the dummies used in impact tests, which record
the absolute value of the acceleration and deceleration with time [243, 245].

Howard et al. [246] created and developed a series of human pedestrian models (6yr
old child, 5™, 50" and 95" for use in LS-DYNA. These models were validated against
cadaver tests conducted by the study of Ishikawa et al. [247]. Generally, model
trajectories and head velocities were found to correlate well with the test results. Head
and pelvis acceleration correlation was reasonable and some differences for chest
acceleration were noted. It was noted that differences in arm contact may have
accounted for the lack of correlation for chest acceleration. Iwamoto et al. [248]
developed a 50" percentile male occupant finite element whole-body human model,
designed to be used in the softwares PAM-CRASH and LS-DYNA. The base model
had approximately 83,500 elements, of which 30,000 were solids, 51,000 were
shell/membrane and 2,500 were beam elements. More detailed sections of the
head/face, shoulder and internal organs were also developed, which took the element
total to over 216,000. The computational time required, when using the more detailed
model was found to be considerable. Cadaver test corridors were used for validation
and injury prediction when reconstructing accidents and was considered promising.
Ruan et al. [249] also developed an LS-DYNA human model, namely a 50" finite
element whole-body model. It was validated against individual cadaver tests instead
of test corridors, as the authors considered the corridors too broad for meaningful
validation. The study noted that validation against cadavers is less than ideal, as
muscle tone and circulatory systems are ignored. Their model consisted of

approximately 119,000 elements.

In addition, McLeod and Hubbard [250] described the concept, design, and
development of a crash test dummy head, concluding that the dummy head is probably

undamaged during normal use and produces higher acceleration. Corresponding to
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more severe conditions than a human could tolerate thus invalidating using the dummy
head at the margins of human tolerance. Similarly, Mertz [251] reported that the
Hybrid 111 curve lies within the range of the low-velocity, non-fracture cadaver data
and within the range of the low-velocity fracture data. Since it is a durable head, the
Hybrid I11 response will not duplicate the high-velocity fracture data but will indicate

an increasing level of acceleration within increasing impact velocity.

As a result of regulatory and ethical concerns, human cadavers are infrequently used
for biomechanical experiments. Therefore, numerical techniques, especially the use
of finite element (FE) models, are applied to understand the response and injury
mechanisms of adults and children in road traffic accidents and can provide a detailed
biomechanical response and improve injury prediction. Finite element (FE) analysis
has become an effective method for investigating and reconstructing pedestrian-

vehicle impacts.

With respect to pedestrian-auto-rickshaw impacts, there are relatively few studies that
have reported the kinematic response and injury metrics for an adult pedestrian [32,
40]. Unfortunately, to date, there is no comprehensive computational or experimental
data available that quantitatively describes the dynamic response and injury metrics
for adult and child pedestrians initially impacted by an auto-rickshaw. In addition,
pedestrian-ground impacts caused by auto-rickshaws have not yet been investigated.
Moreover, no previous attempts have been made to investigate the effect of secondary
impacts on pedestrian injury patterns and injury risk. The data is also valuable for
estimating the main injurious vehicle components and to suggest effective engineering
modifications, which can lead to injury and pedestrian safety mitigation.
Consequently, this shortage of relevant data currently limits the value of pedestrian
safety and prevents a better understanding of the underlying pedestrian fatality and
injury severity risk in developing countries and potentially, the identification of new
engineering suggestions for better safety and injury mitigation. These are all problems
that this study hopes to address.
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1.10 Thesis structure

This thesis consists of five chapters. This chapter has explained the proposed study
and outlines the literature review, which offers a review of the accident data and the
fundamental theory of injury criteria and injury risk thresholds, in particular, of the
head, upper neck and chest. It also explains a brief anatomy of these body regions. In
addition, it has discussed the main concepts of primary and secondary impacts and the

main factors that lead to different injury patterns and injury risks.

Chapter 2 describes the modelling of an auto-rickshaw FE model and the environment
of pedestrian-vehicle impacts. It also explains the calculation of injury metrics of the
head, neck and chest, as well as injury risk levels for an adult and 6YO-child
pedestrians during primary impacts. In addition, the injury metrics and injury risk for
an adult pedestrian, during secondary impacts, are considered. Moreover, it suggests
a different alternative material for the front vehicle components, to enhance adult
pedestrian safety. Finally, it explains the cost-benefit analysis for suggesting

modifications and injury mitigations.

Chapter 3 describes the computational results for both adult and child pedestrians,
including post kinematic response, the most frequently impacted, stiffest and most
injurious vehicle components, injury metrics and injury risk during primary impacts.
In addition, this data is used to assess the influence of pedestrian size on kinematic
response and injury risk. Furthermore, injury metrics and injury risk for adult
pedestrians, during secondary impacts, are investigated and the results are compared
with primary impacts, to assess which impacts could produce a greater injury risk.
Finally, the results of the modified materials and thicknesses of the auto-rickshaw
components are explained, as well as their influence on injury mitigations relevant to

the head, upper neck and chest.

Chapter 4 discusses the key findings of this research, including the interaction between
adult and child pedestrians and the auto-rickshaw, injury matrices and injury risk. This
chapter also describes pedestrian-ground impacts, including the landing orders, throw
distance, pedestrian ground impact directions, injury metrics and injury risk. In
addition, suggested modifications associated with injury risk reduction are discussed.

Moreover, the costs of the modified vehicle components will be estimated and
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compared with the original costs. Furthermore, injury costs relevant to the head and
neck produced by the modified material will be compared to the original injury costs,
to assess the engineering modifications economically. The limitations of this research

study will also be discussed.

Finally, Chapter 5 summarises the principal findings of this research and suggests

directions for future research in pedestrian-vehicle impact investigations.
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2.

2.1

METHODS

Introduction

Finite element analysis is a discrete event modelling method that involves the

reduction of structures, bodies and/or liquids to discrete elements. The physical

characteristics of these elements are determined by a relatively simple mathematical

equations set. Any change in state, imposed on a given element by an external source

(e.g. physical, gravitational or dynamic load), can be easily calculated. Not only can

one determine the changes within the element but also an influence on the surrounding

environment, including neighbouring elements and other bodies can be calculated by

the application of interface properties. This method allows analysis of complex

problems by disassembling the problem into solvable parts [252].

>

This chapter explains the FE method of building an auto rickshaw model by
ANSA and LS-DYNA software.

Defining a pedestrian-vehicle impact simulation environment by LS-DYNA
code.

Calculation of injury metrics of head, neck, chest and injury risk level for adult
pedestrian in the primary impacts.

Calculation of injury metrics of head, neck and injury risk level for a six-year
old-child pedestrian during primary impacts.

Calculation of injury metrics of head, neck, chest and injury risk level for an
adult pedestrian during secondary impacts.

Suggestion of safety enhancement using different alternative materials for the

frontal vehicle components (windscreen and windscreen frame).

Cost-Benefit-Analysis (CBA) for suggested modifications, see Figure 2- 1.
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Methodology Diagram
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Figure 2- 1. Methodology diagram for the study.
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2.2 Modelling

2.2.1 Mathematical model

The second law of motion, formulated by Sir Isaac Newton between (1642 and 1727),
is the fundamental law for most vehicle dynamic analyses, as shown in (2. 1) [252].
Vehicle manufacturers intentionally impact vehicles with dummies inside the vehicle
or outside, to assess the effectiveness of various safety characteristics. The concept
behind injury severity is investigation of the force applied to a pedestrian during a
vehicle impact. To reduce injury incidence, the applied force needs to be decreased
by reducing the acceleration (or deceleration) by vehicle velocity reduction according

to the following formula:-
Force (F) = m.a (2. 1)

Where F is the applied vehicle force; a is the resulting acceleration of the vehicle and
m is the vehicle mass. In most impact cases high momentum is generated by the
vehicle in the travelling direction, which can be defined as the extent to which it is
difficult to stop a moving object, such as a vehicle according to the following formula:-

Momentum (M) = m.v (2.2)

Where m is the vehicle mass and v is the vehicle travelling velocity. In addition, the
applied vehicle motion converts the potential energy (PE) to kinetic energy (KE), and
depends exclusively on the vehicle mass and velocity, as shown in the following

formula:-
Kinetic Energy (KE) = -m.v? (2.3)

Where m is the vehicle mass associated with vehicle type and size and v is the vehicle
travelling velocity, which is significantly important, as the velocity is incorporated in

the energy formula by a square power.

Both the momentum and kinetic energy of the vehicle, during the pedestrian-vehicle
impact are transferred to the impacted pedestrian, which causes the motion response
(kinematic) and injury risk level for different injury criteria. Moreover, the structure
of a vehicle will absorb energy by undergoing deformation, however, it must do so in
a controlled manner to also protect the occupants of the vehicle [253]. During impact

the material will undergo initial elastic deformation before beginning to deform
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plastically [254]. Automotive structures primarily rely on plastic deformation for
absorption of kinetic energy [253-255]. It is important that the materials do not require
significant impact forces to plastically deform. As the vehicle impacts a pedestrian,
some of its kinetic energy is absorbed as internal energy in the vehicles deforming
structure, with the remaining energy being the sum of the kinetic energies of the
vehicle and pedestrian [256]. Using conservation of energy, (2. 4) and (2. 5) express
a simplified relationship between the total energy of the system before and after

impact, respectively.
1 2 1 2
Ey = Smu Vay +5mp Vg (2.4)
1 2 1 2
E, = EmAZVAZ + EmBZVBZ + Eabsorbed (2- 5)

Where E is the total energy of the system, ma is the mass of the vehicle, mg is the mass
of the pedestrian, Va is the velocity of the vehicle, Vg is the velocity of the pedestrian
and Eabsorbed IS the Kinetic energy, which is absorbed by the vehicle structure after

impact.

Subscripts (2. 4) and (2. 5) denote the system before and after impact, respectively.
For simulations in this study the pedestrian is stationary with no velocity, therefore,

the total energy before impact is solely the kinetic energy of the vehicle, i.e.

1 2
E; = > mpq Vi,

As E; and E, are equal, it can be clearly seen that to reduce the kinetic energy
transferred to the pedestrian and hence mitigate potential injuries, the energy absorbed
via deformation of the vehicle structure should be maximised. Studies of car-
pedestrian impacts have agreed with this and show that when the head impacts with
the car bonnet, Head Injury Criterion (HIC) values are inversely proportional to the
deformation of the bonnet [256]. A simple expression can be used for the energy

absorbed by a structure under impact, given in (2. 6) [208].
Eabsorbed = P X d = (Ma) X d (2. 6)

Where P is the impact force, M is the mass of the vehicle, a is the average deceleration
of the vehicle and d is the maximum plastic deformation. Equation (2. 6) shows that
the energy absorbed is proportional to the maximum plastic deformation of its

structure. If the materials experience large amounts of plastic deformation, then the
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resultant acceleration of the pedestrian will be lower than it is for stiff materials, that
absorb little kinetic energy, thus, leading to a reduced likelihood of producing severe
injuries.

2.2.2 Physical model

An auto-rickshaw typically has three wheels and a frontal geometry consisting of a
mudguard with an attached headlamp, an upright body and windscreen, a canvas roof
and small cabin, with a maximum velocity of 55km/h. In addition, the total vehicle
mass is almost 295 kg and almost 373 kg including the vehicle driver [257, 258]. The
main material of the vehicle structure is steel. The whole vehicle dimensions are shown

in Figure 2- 2.

[

]

672mm

1730mm

848mm

1192mm

2020mm
Figure 2- 2. Auto rickshaw dimensions.

2.2.3 Code description

LS-DYNA is a finite element (FE) system generally used for “transient dynamic
analysis of highly nonlinear problems”. The program uses an explicit time integration
scheme, which determines the solutions to the simulations [259]. Internal and external
forces are summed at each node point and a nodal acceleration is computed by dividing

by nodal mass. The solution is advanced by integrating this acceleration in time [260].

2.2.4 Computational vehicle model

Computer Aided Design (CAD) of an auto rickshaw model was converted by ANSYS
software to an Initial Graphics Exchange Specification (IGES) model, see Figure 2- 3.
Then, an FE model was created by ANSA software using dimensions from the real
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vehicle, as shown in Figure 2- 2. The accuracy and efficiency of finite element

simulations are highly reliant on mesh quality [261, 262].

Therefore, a fine mesh of acceptable quality was required to produce accurate results
and furthermore, avoid error terminations, such as a negative volume in the solid

element during the simulation process.

(2) (b)
Figure 2- 3. Auto rickshaw model; (a) rear view; (a) side view; (c) front view.

2.2.4.1 Mesh quality

Mesh quality is “The characteristics of a mesh that permit a particular numerical partial
differential equation simulation to be efficiently performed with fidelity to the
underlying physics and with the accuracy required for the problem” [261, 262].
Therefore, mesh quality is very important and plays a crucial role in the numerical
calculation accuracy and stability; mesh quality control was the first step before the
mesh generation process. The overall vehicle mesh quality was controlled in the

modelling process, shown in Table 2- 1.

2.2.4.2 Mesh generation

Mesh generation includes mesh type, size and geometrical attributes. There are three
different mesh types, 1D, 2D and 3D, relevant to element dimension [263]. Mostly,
auto rickshaw components were shell plates, which means that the length and width of
the structure is considerably larger than its thickness. Therefore, 2D mesh type was

used.
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Mixed elements of linear quadrilateral and triangular elements were used, with average
element size for the whole model between 6.5 and 8mm and minimum length for the
whole model between 3.8 and 5mm, see Table 2- 2. The total number of elements for
the whole meshed model were 843911. So, the whole meshed model is very complex
and computationally “expensive”, see Figure 2- 4. However, frontal vehicle profile
plays an effective role in pedestrian injury and the probability of injury severity.

Therefore, this study focused on the front-end vehicle geometry.

Table 2- 1. Element quality control parameters [264, 265].

Quality parameters Allowable
min/max
Aspect ratio 5
Warping 15
Jacobian 0.6
Minimum side length 5
Maximum side length 12
Minimum quadrilateral 45
internal angle
Maximum quadrilateral 145
internal angle
Minimum triangular 15
internal angle
Maximum triangular 120
internal angle
Triangles % 5
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Table 2- 2. Meshed vehicle components characteristics.
Average Minimum Average Minimum
Vehicle components element size element Elf mznt Vehicle components element size element length Elfymznt
(mm) length (mm) yp (mm) (mm) P
Frontal sheet plate Supported columns
Linear Linear
8 5 quadrilateral 6.5 5 quadrilateral
& triangular & triangular
Roof Cushions
Linear Linear
8 5 quadrilateral 7 3.8 quadrilateral
& triangular ’ & triangular
Rear chassis Lir)ear Head-lamp
quadrilateral
& triangular
8 5 )
Linear
8 5 quadrilateral
& triangular
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Floor support plates Frontal leading edge
Linear Linear
8 4 quadrilateral quadrilateral
& triangular & triangular
Front mudguard
Linear Linear
8 5 quadrilateral quadrilateral
& triangular & triangular
Windscreen Dashboard panel Linear
quadrilateral
& triangular
Linear
8 5 quadrilateral
& triangular
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Windscreen frame Rear door
Linear Linear
8 5 quadrilateral 5 quadrilateral
& triangular & triangular
Connected bar between Rear lights
front tyre and handbar
Linear Linear
8 5 quadrilateral 4.9 quadrilateral
& triangular & triangular
Handbar Rear suspension link .
Linear
. quadrilateral
Linear & triangular
8 5 quadrilateral 4 g
& triangular
Rear Suspension Front suspension
!l Linear Linear
8 5 quadrilateral 5 quadrilateral
& triangular & triangular
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Rear bumper Floor plates
Linear . Linear
8 5 quadrilateral quadrilateral
& triangular & triangular
Engine and fuel tank Wheel
Linear Linear
8 5 quadrilateral quadrilateral
& triangular & triangular
Battery Frontal knuckle
Linear Linear
8 5 quadrilateral quadrilateral
& triangular & triangular
Exhaust
Linear
8 5 quadrilateral
& triangular
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Figure 2- 4. FE Model of the auto rickshaw.
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2.2.4.3 Material properties and thicknesses of the vehicle components

Vehicle material types and properties are the most important factors, which effect
significantly the accuracy of the impact simulation. Moreover, material types and
properties should fulfil the automotive criteria, such as safety, environment,
lightweight, fuel consumption, cost and design. Mostly, the vehicle model consists of
shells, which need to identify thicknesses for every single shell besides mechanical
material properties. However, it has nine solid parts, so it was only a requirement that
the material properties of structures such as, suspensions, cushions, engine, fuel tank,
battery, knuckle and rims be assigned. The vehicle components materials were
selected by the LS-DYNA material library.

The tyre was modelled by MAT_ELASTIC. While, the windscreen and vehicle
structures were modelled by MAT_PIECEWISE_LINEAR_PLASTICITY. Cushions
were modelled by MAT_FOAM_LOW_DENSITY and the roof was modelled by
MAT_FABRIC. All vehicle components thicknesses were defined by
SECTION_SHELL. The material mechanical properties and shell thicknesses of the
vehicle components are shown in Table 2- 3 and Table 2- 4.

2.2.4.4 Vehicle model simplification

To minimise the computational run time, vehicle simplification was required thus, only
the front-end vehicle geometry of the auto-rickshaw was considered. However, to
meet the total real mass (373 kg) of the auto rickshaw including driver mass a Hybrid

Il dummy was positioned inside the vehicle, see Figure 2- 5 (a).

All the frontal components of the auto rickshaw were removed to measure the mass,
centre of gravity and the moment of inertia of the rear vehicle parts, including the
driver by LS-DYNA software (LS-Pre-Post), as shown in Figure 2- 5 (b). The vehicle
rear components were simplified, such that only one element was generated to
represent the same mass, centre of gravity and moment of inertia of the simplified
parts, to make the model masses the same as the original simplified ones, see Figure
2-5(C).
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Table 2- 3. Material mechanical properties of the model vehicle components.

Vehicle Mass Young’s | Poisson’s | Yield Shear | Tangent Ref
item density modulus ratio stress | modulus | modulus
(kg/mm3) (Gpa) (GPa) (Gpa)

Tyre 1.700e-006 24.61 0.32 - [265,

267]

Windscreen | 2.500e-006 76 0.30 0.138 1 [220,

267,

268]

Vehicle 7.890e-006 210 0.30 0.25 1 [269]
structure

Cushion 1.010e-007 | 0.00416 0.35 [270]
(Latex)

Roof 6.800e-006 135 0.35 5 [271]

Table 2- 4. Thicknesses of the vehicle components.

Vehicle components Thicknesses (mm)
Tyre 3
Windscreen 5.8
Vehicle structure 1.2-2
Roof 2

The simplified vehicle model, therefore, has less components than the full model. The
front of the auto rickshaw model consists of a mudguard, headlamp, frontal sheet plate,
sheet plate edge (cladding), windscreen, windscreen frame, front wheel, steering
column, handle bar steering, inner dashboard plate, frontal knuckle, chassis members,
one tyre and front damper spring suspension, as shown in Figure 2- 6. The total

number of elements for the simplified meshed model are 207684.

Generated element

(b ©

FEM of auto rickshaw FEM of auto rickshaw FEM of simplified auto
including driver dummy including driver dummy rickshaw including
and excluding frontal driver dummy
vehicle parts

Figure 2- 5. Auto rickshaw model simplification steps; (a) FEM of auto rickshaw including driver
dummy mass; (b) calculation of rear vehicle components masses by removing frontal vehicle
components; (c) simplified auto rickshaw model.
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Windscreen frame

Windscreen

Hand bar steering

Frontal sheet plate Inner dashboard plate

Cladding Chassis members

Knuckle

N Steering column

Frontal damper spring suspension

Figure 2- 6. Simplified auto rickshaw model.

2.2.4.5 Vehicle components constrain

All of the vehicle components of the simplified model were jointed together by using
different constraint types within the FE software, LS-DYNA (LS-Pre-Post), to
decrease the motion space. It was mentioned that the extra nodes that were needed to
be added to a rigid body may be located anywhere in the model, even outside the body
since they are part of the rigid body [273].

Therefore, a CONSTRAINED EXTRA_NODES SET was used to connect the
generated element of the removed vehicle components to the frontal vehicle model as
the first constrain type, while, NODAL_RIGID_BODY connects two opposite nodes
[274]. Rigid bodies can be defined without elements by providing a list of nodal points
that are included in the rigid body definition [275]. Therefore, Constrained Nodal
Rigid Body (CNRB) was the second constraint type used to connect the vehicle
components to each other. In addition, one JOINT_TRANSLATIONAL was used to
constrain frontal suspension damper with the vehicle components and five
JOINT_REVOLUTE were used, see Figure 2- 7.
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Revolute joints

Translational joint

Revolute joints

Figure 2- 7. Constrained translational and revolute joints.
2.2.5 Pedestrian models

Currently, the Livermore Software Technology Corporation (LSTC) only has a Hybrid
111 50" percentile adult standing dummy, with a height of 168mm and weight of
78.6Kg, for pedestrian impact tests (see Figure 2-8). This dummy is based on Hybrid
[11 50th percentile male Rigid-FEM. This model was selected because it is the most
generic impact test dummy to record injury criteria [276]. However, the LSTC and the
National Crash Analysis Centre (NCAC) have developed a six-year-old (6'YO)-child
dummy, with a height of 1140 mm and weight of 23Kg, in a sitting position (as shown
in Figure 2-9). Therefore, in this study, only two pedestrian dummies were used for
pedestrian safety assessments: a standing adult dummy and a child dummy in a sitting
position. However, converting from sitting to standing will be considered for the child

dummy.
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78.6Kg

1680mm

Figure 2- 8. 50" Percentile Hybrid_lll adult pedestrian dummy.

Figure 2- 9 6YO- Hybrid I11 child dummy in sitting position.

2.2.5.1 Converting position of the 6YO-child dummy

A positional change, from sitting to standing was made using LS-PrePost and ANSA
software. The changes did not disturb the integrity of any of the dummy joints. In
addition, no material properties were changed, or dummy model components

renumbered.
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The first step was to import the 6YO-child dummy into LS-PrePost and rotate the left
and right feet by 30 degrees counter clockwise, see Figure 2- 10 (a). Secondly, the
dummy file was imported into ANSA software to rotate the dummy feet and leg angle
from 60 degrees to zero counter clockwise at the knee’s rotational axis. Then, the feet,
legs and thighs were rotated 90 degrees clockwise to position the dummy in vertical-
standing position. The Entities-function-rotate option was used to rotate the feet and
leg angles from 60 degrees to zero counter clockwise at the knee’s rotational axis.
Then, the feet, legs and thigh were rotated 90 degree clockwise to position the dummy

in vertical-standing position, as shown in Figure 2- 10 (b).

However, the pelvis needed to be modified to ensure a biofidelic post kinematic

dummy response to create accurate injury values, as demonstrated in Figure 2- 10 (c).

Therefore, the deformed pelvis elements were deleted which produced a pelvis gap.
Thus, it was essential to fill the gap with a mixed element shell mesh of 6 mm as
reported by Mohan et al., 2007 and 2009 [277, 278]. Still, however, there was another
gap between the thighs and the pelvis which required construction. Consequently, a
shell mesh was used by selecting edges to bridge the gap between the thighs and the
pelvis, see Figure 2- 10 (c). Then finally, the 6'YO-child dummy was converted from
a sitting to a standing position that can be used in impact simulations, as shown in
Figure 2- 10 (d).
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(d)

Figure 2- 10 6YO-child dummy converting process (sitting to standing).
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2.3 Impact simulation environment

Simulation setup includes the final impact conditions in the LS-DYNA environment.

The following parameters identify the impact simulations:-
» Pedestrian impact positions (front, rear and side in walking position).

» Vehicle contact regions (at the vehicle centreline and at 42cm offset from the

vehicle centreline).

Contact types and friction coefficients.
Ground types.

Gravity and vehicle impact velocities.

Solution control.

vV VWV Vv V V

Database definition for results collection.
> Results filter and frequency.

2.3.1 Pedestrian impact positions and vehicle contact regions

Different vehicle contact regions and impact positions could provide a varied data of
post kinematic response, injury metrics and injury risk. However, pedestrian sizes and
impact velocity variations could cover a greater range of pedestrian-auto rickshaw
accident data. Therefore, two dummies were used in this study (adult and child

pedestrian).

Pedestrian models were positioned in contact with two main vehicle regions, at the
centreline and 42cm offset from the vehicle centreline. Three major impact positions,
were simulated front (face-to-face with the vehicle), rear (back-to-face) and in a
walking posture facing laterally with the right leg forward (without walking speed),
and left arm positioned backward to cover the whole possible impact scenarios, as
mentioned in the literature, see Figures 2- 11 and 2- 12. However, it is well known
that in cases where the pedestrian has a transverse velocity, subsequent movement can

be significantly altered [200].

69



Chapter 2. Methods

2.3.2 Contact types and friction coefficients

Accurate modelling of contact interfaces between bodies is critical for predictive finite
element simulations. In this research, different contacts were used,
TIED_SHELL _EDGE_TO_SURFACE_OFFSET_CONTACT is a contact interface,
which uses either a kinematic or penalty type constraint method to tie offset slave
nodes to the master segment and it was the first contact type used to define the contact
between the vehicle windscreen and the adhesive solid part [279].
CONTACT_GENERAL is simple, fast, robust and widely used [280], therefore, it was
used to define the contact between the auto rickshaw tyre and the ground along the
moving path [281]. To simulate pedestrian-auto rickshaw impacts with a logical post
kinematic response of the crash dummies and to avoid penetration issues, which could
cause numerical instability, selecting a robust and efficient contact method to define
the interaction between pedestrian dummies and vehicle components was of great
importance. Consequently, AUTOMATIC_SURFACE_TO_SURFACE was used
[175, 280]. The contact friction coefficient between the pedestrian dummy parts and
rickshaw was 0.65, while, it was 0.7 between the dummies shoes and the ground and
between the tyre and the ground [164, 175, 281], shown in Figure 2- 13. However,
contact parameters might influence the kinematic response and injury metrics. The
coefficient of friction is one of the most significant contact parameters, thus, the
influence of various friction coefficients, between the dummy and the vehicle, the
dummy and the ground and the vehicle tyre and the ground were investigated, see
Table 2-5

Table 2- 5. Contact friction coefficients.

Pedestrian-vehicle Pedestrian-ground
and vehicle tyre-
ground

0.30[181] 0.70 [164, 175, 281]
0.75[181] 0.70 [164, 175, 281]

0.65 [164, 175, 281] 0.30[181]

0.65 [164, 175, 281] 0.75[181]
0.30[181] 0.75[181]
0.75[181] 0.30[181]
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®
Figure 2- 11. Auto rickshaw—adult pedestrian impact simulations at different positions; (a) front
centre (b) front offset; (c) rear centre; (d) rear offset; (e) side centre; (f) side offset.
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(e
Figure 2- 12. Auto rickshaw—child pedestrian impact simulations at different positions; (a) front
centre (b) front offset; (c) rear centre; (d) rear offset; (e) side centre; (f) side offset.
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2.3.3 Ground types

A planar ground was used for the primary impacts (pedestrian-vehicle-contact).
While, the road surface, on which the pedestrian finally landed, was modelled as a

concrete for the secondary impacts (pedestrian-ground-contact) [176].

2.3.4 Impact velocity and gravity

INITIAL_VELOCITY was used to define varied vehicle impact velocity between
5km/h and 48km/h for adult pedestrian-auto rickshaw impact scenarios during the
primary impacts and 5km/h to 40km/h for the 6YO-child pedestrian-auto rickshaw
impacts in the primary impacts. For the adult secondary impacts, velocities between

10km/h and 40km/h were used for the secondary impacts.

For the modified material impact tests, velocities between 10km/h and 40km/h were
used for the adult pedestrian to assess injury mitigation. In addition, the same impact
velocities were assigned to the translational mass, using PART_INERTIA to ensure
that the whole dynamic system, including the frontal vehicle components and the
removed rear vehicle parts represented by one generated element, moved to impact
with the pedestrians at the same impact velocity. In addition, LOAD_BODY_Z was
used to define the gravity of 9.806e-003ms-2, as shown in Figure 2- 13.

V=5-48km/h

Figure 2- 13. Vehicle-pedestrian impact simulation setup.
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2.3.5 Solution control

Solution control has a significant influence on simulation stability and accuracy.
CONTROL_TERMINATION was used to define the simulation termination time.
Wood et al (2005) noted that the impact duration during which the momentum was
completely transferred to the pedestrian during the pedestrian-vehicle impact [186].
Bunketorp et al (1980) pointed out that impact duration for leg to bumper interaction
only was in the range of between 56 and140 ms and furthermore, that vehicle-
pedestrian impact, such as bonnet or windscreen impact, extends the total duration of
contact significantly [279]. While, Chawla et al (2003), concluded that the contact
duration between the adult pedestrian and auto rickshaw was 175ms [40]. Therefore,
the termination time (ENDTIM) was defined as 220ms for the primary impacts to an
adult pedestrian. While, 100ms was defined for the primary impacts to the 6'YO-child
pedestrian, because the contact time of child pedestrian-vehicle was expected to be
less than adult, as a result of child dummy centre of gravity being lower than the adult

and the child dummy size and mass is less than adult.

Furthermore, although increasing the simulation time of an impact scenario could be
considered computationally expensive, it was necessary to increase the simulation time
of the secondary impact for the adult pedestrian to ensure that pedestrian body contacts
the ground. Therefore, it was defined between 550 and 830ms. As recommend by
LS-DYNA manual, using MAT_PIECESWISE_LINEAR_PLASTICTY, the shell
element minimum time step assignment (TSLIMT) was applied as 1.000e+020 and
time step size for mass scaled solution (DT2MS) was defined as 8.000e-004.

2.3.6 Database definition for results collections

It was essential to define all the output results, which needed to be calculated and
collected before running all the pedestrian-vehicle impact simulations. Therefore,
DATABASE was used to define the expected results using American Standard Code
for Information Interchange (ASCII) to define specific functions such as NODOUT,
JNFORC, JSTIFR and DEFORC.

The NODOUT function has specific node for a dummy head and chest accelerations.
While, INFORC has a specific nodes of upper neck forces, including axial and shear
forces, JSTIFR for specific joints at occipital condyle of moment stiffness and
DEFORC for specific chest compression springs for deflection [283].
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2.3.7 Results filter and frequency

To reduce the uncertainty of time shifts when comparing the electronic data films, a
Butterworth pre-filter with a frequency of 180 of ¢/s (HZ) was used to collect the head,
neck and chest loading and criteria for adult pedestrian, as recommended by the
NHTSA [119, 283].

Butterworth pre-filters with a frequency of 1000 and 60 Hz were used to collect the
head and neck loads respectively for the 6YO-child pedestrian, as calibrated by
(LSTC) and (NCAC) [284].

2.4 Expected results

2.4.1 Post kinematic response in the primary and secondary impacts

Kinematic response can be defined as the behaviour of a pedestrian after being
impacted by a vehicle producing primary and secondary impacts. The post kinematic
responses are to be obtained from different impact simulations, including different
impact positions (front, rear and side), with two vehicle impact regions (at the vehicle
centreline and at 42cm offset from the vehicle centreline) and different impact
velocities, studying the following parameters of head contact location, head contact

angles, head contact time, throw distance and injury metrics.
2.4.1.1 Head contact location
Head contact location, is the location of the pedestrian head impacted by vehicle

components obtained from the interaction between pedestrian head and vehicle

components.

2.4.1.2 Head contact angles

The head contact angle refers to the angle between the direction of the head impact

velocity and the ground reference level during pedestrian-vehicle impacts [53].

2.4.1.3 Head contact time

Head contact time can be defined as the pedestrian head contact time with the vehicle

components in milliseconds.
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2.4.1.4 Throw distance

Throw distance is defined as the distance between the position of the initial impact and
the body’s final resting position or pedestrians travel distance from the initial impact
position to the final position of the pedestrian on the ground [186], based on the
pedestrian’s centre of gravity (CG). It is a very effective tool for estimating impact

speed in road accident investigation [53, 56, 57].

2.4.2 Selected injury parameters in the primary and secondary impacts

The pedestrian injury risk was evaluated in terms of selected injury parameters and
tolerance levels. The Head Injury Criterion (HICs), the Upper neck Injury Criterion
(Nij and Nkm) and Combined Thorax Index (CTI) will be used to assess the risk of
pedestrian head, upper neck and chest injury.

2.4.2.1 Head injury and risk level

Head injury criterion is calculated by HIC the following equation:-

1ty 2.5
HIC = max [:ftl a(t)dt] (t, —t) (2.7)

Where a is the resultant linear acceleration, measured at the head centre of gravity in
units of gravity; t;and t, are the two time instants during the impact, describing an
interval between the starting and the end of the injurious time - period, identifying the
maximum value of HIC , i.e. (t, — t;<15 ms) [41, 113]. HIC values, calculated from
the impact simulations, will be compared with two head injury thresholds for the adult
pedestrian, HIC15=1000 for front and rear impacts, which indicates a probability of
severe head injury (A1S4+) of between 16 and 18% [113-115] and HIC=800 for side
impacts [84, 115, 116]. HIC encompasses bone structure deformation, soft tissue
damage, skull fracture, brain contusions and laceration and/or brain bleeding [113,
115, 116].

For the 6YO-child pedestrian, HIC values will be compared with head injury
thresholds, HIC15=700 for the front, rear and side impacts, indicates a 23% risk of
serious head injury AIS3+ [117] or a 5% probability of severe head injury AlS4+,
corresponding with brain injury or skull fracture [118]. It is also associated with head
injuries such as comminuted or depressed skull fractures [81, 117].
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The risk level of the head injury for both adult and child pedestrians will be assessed
and classified based on AIS codes. Moderate AlS2+ to fatal head injury AIS6+ using
NHTSA categorisation is based on two different sets of, HIC against injury curves,
Prasad/Mertz curves and the lognormal curves, as shown in following formulae

[114,117, 285].

1

(Moderate), AlS > 2 = (1+ez.49+%—0.00483*mc) (2 8)
. _ 1

(Serious), AIS > 3 = (1+e3.39+%_0'00372*mc) (2.9)

1

(Severe),AlS > 4 = (L7 o5 0700035 17HIG) (2.2)
o 1

(Critical),AIS > 5 = T LT (2.3)

(Fatal), AIS > 6 = : (2. 4)

200
12.24++7+—0. HI
(1+e +HIC 0.00565+* C)

2.4.2.2 Upper neck injury and risk level

Upper neck injury criteria for the front and rear impacts will be calculated by Nj; and

Nkm, based on the following equations:-

Upper neck injury for frontal impact (Nij) = FF—Z + I\Z/I—y (2.5)
int int
Upper neck injury for rear impact (Nkm) = B Dy (2. 6)

Fint Mint
F, represents the maximum axial force (tension/compression) and My represents the
maximum flexion (forward) /extension (rearward) bending moment [286], see Figure
2- 14 and Figure 2-15. Four different load cases are associated with the neck injury
criterion, which are referred to as Njj, where “ij” represents indices for the four injury
mechanisms; namely, (Nt), (Ntf), (Nce) and (Ncr), where (Ne) represents tension-
extension, (Nt) represents tension-flexion, (Nce) represents compression-extension and

(Ncf) represents compression-flexion for both load and moment.

The index "int" gives a critical intercept value for both the load and moment of the
hybrid 111 adult male and 6YO-child dummies, as shown in Table 2- . The intercept
values of the Hybrid 11l dummies are calculated from the output wave signal of both

the load and moment during an impact. While, Fx represents the maximum shear force
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(anterior/posterior) and My represents the maximum flexion (forward) /extension
(rearward) bending moment, see Figure 2- and Figure 2-15. There are four possible
load cases associated with Nkm: the (Nfa), (Nep), (Nfp), and (Nea). (Nfa) represents
flexion-anterior, (Nep) represents extension-posterior, (Nf,) represents flexion-

posterior and (Nea) represents extension-anterior [95].

Nkm Values represent the maximum value between the four load cases, the index “int"
gives a critical intercept value for both the load and moment, as shown in Table 2- .
The intercept values for the Hybrid 111 is calculated from the output wave signal of
both the load and moment. However, no Nkm Or intercepts values were proposed for
child dummies. Therefore, in this study only Njj values were calculated for both adult

and child dummies. Nxm values for rear impacts were calculated only for adult dummy.

Shear Force

Axial Force

Figure 2- 14. Axial and shear forces of the upper neck.

Phase 1 Phase 2 Phase 1 Phase 2

)
)

(1) Extension (3) (0) 2) () Flexion

(@) (b)

Figure 2- 15. Head-Neck motion phases during impacts; (a) extension ;(b) flexion [119].
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Table 2- 6. Intercept load values of upper neck injury for the 50"
percentile Hybrid I11 adult male and 6'YO-child dummies for front

Impacts.
Load case Adult values [90] 6YO-child [119]
Extension -135N. m -37 N.m
Flexion +310N. m +93 N.m
Tension force +6806 N +2800 N
Compression force -6160 N -2800 N

Table 2- 7. Intercept load values of upper neck injury for the 50™" percentile
Hybrid 111 male dummy for rear impacts.

Load case Values [127, 287]

Extension 47.5 N.m
Flexion +88.1 N.m

Shear force 845N

Both Njj and Nkm values calculated from the impact simulations will be compared with
upper injury thresholds of adult and 6YO-child pedestrians, Nij and Nkm=1 for front
and rear impacts, which indicates 22% probability of serious upper neck injury AIS3+
[93].

They are associated with a risk of rupture of small blood vessels of the occipital
condylar joints, alar ligament rupture with symptoms of neck pain and stiffness,
shoulder weakness, dizziness, headache, memory loss and damage to the spinal cord,
resulting from cervical vertebrae compression, disc rupture and nerve root damage,
damage to the brainstem and even death. An increasing Nj; and Nkm are associated
with ligament rapture, damage to the spinal cord, brainstem and death [91-94, 117,
130].

The risk level of the upper neck injury for both adult and child pedestrians will be
assessed and classified based on (AIS) codes. Moderate AIS2+ to critical neck injury
AIS5+ using the following NHTSA categorisation formulae [93]:-

(Moderate), AIS > 2 = 1+e2'°5‘il'195*N” (2. 15)

1)

. 1
(Serious), AIS = 3 = 103227~ 1969+N}; (2. 16)

1)
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1
(Severe), AlIS > 4 = L Zeo 1 (2.17)

ij

- 0 1
(Critical),AIS> 5 = PP R

)

(2. 18)

There is currently no supported injury criteria that specifically considers neck injuries
sustained during lateral impacts. One proposed solution to this issue is the multi-axial
neck injury criteria (MANIC), which also includes the effects of side acceleration on
the neck [131], however, this injury criterion is not yet approved and so has no injury
tolerance limits. In addition, the Hybrid 111 dummies, used in this study, do not support
the measurement of side neck response. Therefore, only upper neck injury and injury

risk for front and rear impact were calculated.

2.4.2.3 Chestinjury and risk level

Chest injury criterion for the frontal impact will be calculated by the Combined
Thoracic Index (CTI) based on the following equation:-

Combined Thoracic Index (CTI) = Amax 4 Dmax (2.19)

Ajnt Dint

Where, Anax 1S the 3 ms clip value (single peak) of the resultant spinal cord linear
acceleration in units of gravity, see Figure 2- 16 (a) [93]. Dp,ax iS the mid-sternum
chest deflection value at the central point of the chest dummy in millimetres, calculated
from the output wave signal of crash dummies, as shown in Figure 2- 16 (b) [93]. The
index "int" gives a critical intercept value for both the acceleration and deflection of

the hybrid 111 male dummy, as shown in Table 2- .

(Dimax)

Location on
the mid-
sternal

(Amax)

Location on
spinal cord

(a) (b)
Figure 2-16. Acceleration and deflection points location of Hybrid 111 adult male dummy for the
chest injury calculation (a) the measurement acceleration point location of the spinal cord; (b) the
central measurement deflection point location of the dummy chest.
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Table 2- 8. The intercept load values of chest injury for the 50™ percentile Hybrid 111 male dummy for front

impacts.
Load case Adult values [119]
Aint (g) 90
Dint (mm) 103

CTl values, calculated from the impact simulations, will be compared with chest injury
thresholds for adult pedestrians, CTI=1 for frontal impacts, which indicates a 25%
probability of serious chest injury AIS3+ [93]. It corresponds with fracture of at least
three to five separate ribs on one side of the body, lung contusion and minor heart
contusion [81, 97]. However, the 6YO-child used in this study does not support CTI
calculations. Thus, CTI for frontal impacts will only calculate for the adult pedestrian
dummy.

The risk level of the chest injury for adult pedestrians was assessed and classified based
on (AIS) codes. Moderate (AlIS2+) to critical neck injury (AIS5+) using the following
NHTSA categorization formulae [93]:-

1

(Moderate), AlS 2 2 = — =g (2. 20)
(Serious), AlS >3 = —————— 2.7)
(Severe),AIS > 4 = 1+e9‘872f7_125*m (2.8)
(Critical), AIS > 5 = ! (2. 9)

1+e14.242—6.589*CTI

2.5 Auto rickshaw engineering modifications for adult pedestrian

safety enhancement

Pedestrian-vehicle impacts are difficult to control and can occur as a result of many
factors, such as pedestrian and driver behaviour, road design and networks and traffic
mix, etc. Therefore, passive safety could be more relevant to pedestrian safety. Injury
severity mitigation in passive safety can be achieved by changing the frontal vehicle-
end geometry and/or changing the material properties and thicknesses of the frontal

vehicle components.
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When assessing the viability of the auto rickshaw design changes outlined in this study,
a number of factors must be accounted for. First and foremost, the design changes
must provide good potential to reduce pedestrian injuries in the unfortunate occurrence
of an impact with an auto rickshaw. Secondly, the economic feasibility of these design
changes must be deliberated, to assess whether they are practical within their

environment.

This section focusses on improving the passive safety of the auto rickshaw by altering
the material composition of the vehicle to “reduce the crash severity by allowing
controlled energy dissipation through structure deformation” [288]. The main criteria
for pedestrian safety is to control the acceleration pulse of the impact to below the
upper limit of human tolerance [270], therefore it is desirable to design the auto
rickshaw with materials that have high impact energy absorption, so that the

deceleration of the vehicle is sufficiently low.

Aluminium and magnesium stand out as the best alternatives to steel structures. In
addition, Polycarbonate (PC) has a significant influence on pedestrian protection as an
alternative to glass windscreen materials. Therefore, these materials were used in the
frontal components of the auto rickshaw. The materials and their properties that have
been selected to replace steel and glass in the structure of the auto rickshaw will be the

subject to computational analyses in this study.

Materials with a range of strength and stiffness were selected to assess the material
that is best suited to mitigate injuries to the pedestrian. Multiple grades of aluminium
were selected for analysis. Material properties were used to improve pedestrian safety

as apart of passive safety approach, see Table 2- .

The materials were chosen because of their availability, high resistance to corrosion
low mass (weight) and that they are easily formable [211]. However, improving the
stiffness of aluminium alloy by increasing the part thickness should be specified by a
certain factor so that it has the same stiffness as steel. The factor by which the
thickness has to be increased for equal stiffness can be calculated using the following
formula [211].

' *Ea (2. 10)
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Where t, is the thickness for the original material (i.e. steel part) and tg is the thickness
of the new material (i.e. aluminium/magnesium part). E, and Eg are the Young’s

modulus for the original and new materials, respectively.

For body-structure sheets, the thickness of aluminium alloys should be increased by a
factor of approximately 1.45 to have the same stiffness as the original steel panel [211].
While, to develop the magnesium alloy stiffness is to increase the part thickness by a
certain factor so that it has the same stiffness as steel. For body-structure sheets, the
thickness of magnesium alloys should be increased by a factor of approximately 1.67
[209]. Al injury criteria such as HIC, Nij, Nkm, CTI and the risk level for the adult
pedestrian impacted by the modified auto-rickshaw will be compared with the original

value to assess the pedestrian safety improvement.

Table 2- 9. Material modification for pedestrian safety improvement.

Material Density Young’s | Poisson’s | Yield stress | Thicknesses | References
(kg/mm3) | modulus ratio (GPa) (mm)
(GPa)

Al 6016-T4 | 2.700e-006 70 0.33 0.147 3 [289]

Al 6061-T6 | 2.700e-006 71.1 0.33 0.250 3 [289]
Al 6111-T4 | 2.700e-006 70 0.33 0.160 3 [208, 211]
Al 5182-O | 2.710e-006 70 0.33 0.119 3 [208, 290]
Al 5754-O | 2.710e-006 70 0.33 0.102 3 [208, 291]
AZ31B 1.780e-006 45 0.35 0.165 3.34 [209, 292]

PC 1.200e-006 15 0.37 0.62 5 [293]

2.6 Brief Cost-Benefit-Analysis (CBA)

A cost-benefit analysis was conducted to determine which modified material has
lowest cost, compared to the original and replacement materials. The average price
for steel, which is currently used in structural elements, is approximately $ 0.93 / kg
[207]. The current glass windscreen has an average price of $ 1.70 [223]. While,

modified materials such as, aluminium and magnesium are more expensive than steel,
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with aluminium having an average price of $ 2.29 / kg and magnesium higher again at
an average price of $5.36 [207], whereas polycarbonate has a price nearly double that
of glass per kg, with approximate cost of $ 3.08 / kg [224]. Also, which material can
contribute to saving the costs associated with injury. Therefore, the costs of severe
head injury AlS4+ and neck injury AIS3+ caused by the original material of the vehicle
components will be assumed to be similar to that reported by the study of Nguyen et
al. 2013 in the Thai Binh provinced, Vietnam [231].

This study estimated the mean costs of pedestrian hospitalisation could be as high as
$ 2700 for AlS4+ head injuries. In addition, it was noted that injuries to the spine,
which includes the neck and chest, had no significant cost difference and often had the
lowest costs of all body regions, being approximately 38% lower than head injuries.
Neck and chest injuries were estimated to cost as high as $ 1520 for serious injuries
AIS3+, the average annual income in the Thai Binh province is just $ 695 [294]. The
costs only represents those incurred during the patient’s stay at one particular hospital,
so does not consider transfer of the patient to a higher level hospital or loss of work
due to injuries, thus, the actual costs are likely to far exceed these estimates [231]. In
addition, the cost of the original and modified vehicle components will be considered

in this study.
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3. RESULTS

3.1 Introduction

This chapter presents the following results:-

» The influence of impact velocity, impact position (including front, rear and
side), vehicle contact region (centreline and 42cm offset from the vehicle
centreline) and pedestrian size (including two pedestrian sizes: adult and 6'YO-
child) on the post-kinematic response, head, and upper neck injury risk during
primary impacts. In addition, chest injury risk during primary impacts for adult

pedestrians impacted by an auto rickshaw will be reported.

» The full kinematic response will be given, including primary and ground
interactions of the head, upper neck, and chest injury risk during primary and
secondary impacts for an adult pedestrian impacted by an auto rickshaw at two
vehicle impact regions (centreline and 42cm from the vehicle centreline) in
three impact positions (i.e. front, rear and side). These scenarios were

simulated at impact velocities ranging between 10 and 40km/h.

» Various materials were investigated to assess pedestrian safety in terms of
head, upper neck, and chest injury risk mitigation using Abbreviated Injury
Scale (AIS) coding. In addition, a cost benefit analysis was conducted for the

modified vehicle and for medical cost saving.
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3.2 Primary impacts

This section considers the post-kinematic response of a pedestrian’s head contact
location, head contact time and injury criteria. The injuries to the head, upper neck and
chest are influenced by parameters such as, impact velocity, impact position, vehicle
contact region and pedestrian size. Furthermore, the injury risk level produced from

primary impacts was classified, based on AIS Coding.

3.2.1 Kinematic response during primary impacts.

The kinematic response for adult and child pedestrians during a primary impact is
defined as the dynamic response after the impact, including the pedestrian body
regions impacted with vehicle components at different times, head contact time, head

contact locations and head impact angles.

Generally, the impact contact time between the impacted pedestrian body regions and
vehicle components decreases with increasing impact velocity during all of the impact
simulations. Dummy kinematics were captured for all of the impact simulations.
Examples of 30km/h impact related kinematic responses for adult pedestrian are
provided for three different impact positions against two vehicle contact regions
(centreline and offset), see Figure 3-1. Meanwhile, the impact related kinematic
responses for a 6YO-child pedestrian is presented in Figure 3-2.

Tables 3-1 to 3-4 show all of the sequences of adult and child pedestrians-vehicle
interaction and contact time during the impact simulations at 30km/h. In addition, it
was observed that the vehicle components deformed the pedestrian’s body regions

during primary impacts.
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0RO

Rear

Front

Rear

Side

(b)
T=25ms T=75ms T=150ms T=220ms
Figure 3- 1. The kinematic response of adult pedestrian dummy impacted at different vehicle
regions and impact positions (a) pedestrian impacted at the vehicle’s centre in front, rear and side
position; (b) pedestrian impacted at 42 cm offset from the vehicle’s centre in front, rear and side
position at 30 km/h.
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Figure 3- 2. The kinematic response of 6YY0-child pedestrian dummy impacted at different vehicle
regions and impact positions (a) pedestrian impacted at the vehicle’s centre in front, rear and side
position; (b) pedestrian impacted at 42 cm offset from the vehicle’s centre in front, rear and side
position at 30 km/h.
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3.2.1.1 Kinematic response during impacts at the vehicle’s centreline

Figures 3- 1 (a) and 3-2 (a) show the kinematic response of impacts at the vehicle’s
centerline for front, rear and side-impact orientations for adult and 6YO-child

pedestrians, respectively.

For adult pedestrians, the frontal impact occurred between the pedestrian’s knees and
the front head lamp of the vehicle. Tibial interactions occurred with the mudguard,
which was followed by the lower torso impacting the frontal vehicle edge (the
windscreen frame) and the upper torso (specifically the chest) contacting with the
windscreen. The head was accelerated in both the forward and vertical directions, and
impacted with the upper windscreen and upper part of the windscreen frame at the
same time, as illustrated in Table 3-1. Finally, the adult pedestrian moved in a
backward direction with simple rotation towards the left side of the vehicle. For the
6YO-child pedestrian, the first interaction in a frontal impact was between the lower
region of the femur and the mudguard. Then, the femur and lower torso contacted with
the headlamp. The tibia impacted with the front tyre and the head impacted the lower
region of the windscreen frame, as shown in Figure 3-2 (a) and Table 3-2.

For the adult pedestrian, a rear impact occurred between both knees and the head lamp.
Tibial contact occurred with the mudguard and the lower torso contacted the frontal
vehicle edge, which produced a high impact force. The right and left hands produced
a glancing impact with the lower frontal sheet plate, and then the upper torso struck
the windscreen. The head interacted with the upper vehicle windscreen frame, and then
the adult pedestrian moved in a forward direction, although they were not rotated, see
Table 3-1. For the child pedestrian, the lower torso impacted the headlamp in a rear
impact. The knees then collided with the mudguard and at the same time the tibia
impacted with the auto rickshaw’s front tyre, the upper femurs contacted with the
headlamp, the upper torso impacted with the lower front sheet plate and the head
interacted with the lower part of windscreen and windscreen frame components, as

shown in Figure 3-2 (a).

For the adult pedestrian, a side impact occurred between the right knee and head lamp,
which produced pedestrian ankle pro and supination. It also produced a high force that
concentrated at the right hand and arm as a result of contact with the lower frontal

sheet plate and frontal leading edge. Furthermore, the right arm was pushed behind the
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pedestrian’s upper torso and the femur rotated in accordance with auto rickshaw’s
frontal vehicle geometry. Then, the upper right arm interacted with the windscreen.
The dummy was then observed to vault over the auto rickshaw, such that the head
struck the upper side of the windscreen frame, before rotating to the vehicle’s right-
hand side. For the child pedestrian, the initial contact occurred between the child’s
right femur and the vehicle mudguard. Then, the upper part of the right femur and the
lower torso contacted with the headlamp. At the same time, the right tibia was struck
by the front tyre. The right arm was then pushed behind the pedestrian’s upper torso
and impacted with the front sheet plate. Finally, the child pedestrian’s head collided

with the lower part of the windscreen and windscreen frame, see Figure 3-2 (a).

Table 3- 1. The sequence of adult pedestrian-vehicle interaction and contact time at the vehicle’s

centreline.
Impact Vehicle contact region Pedestrian contact region Contact time
position duration (ms)

Front Front head lamp Knees 0-20
Mudguard Tibia 0-35
Front vehicle edge (windscreen Lower torso 30-75

frame)
Windscreen Upper torso, specifically the 35-75

chest

Upper windscreen and upper Head 50-65

frame
Rear Front head lamp Knees 0-17
Mudguard Tibia 2-47
Frontal vehicle edge Lower torso 27-54

(windscreen frame)
Windscreen Upper torso 62-72
Upper windscreen frame Head 82-92
Side Headlamp Right knee 0-49
Lower front sheet plate and Right hand and arm 22-27
front leading edge
Windscreen Upper right arm 52-85
Upper side of the windscreen Head 100-105
frame
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Table 3- 2. The sequence of 6YO-child pedestrian-vehicle interaction and contact time at the
vehicle’s centreline.

Impact Vehicle contact region Pedestrian contact region Contact time
position duration (ms)
Front Mudguard The lower part of the femur 0-47.5
Front headlamp The upper part of the femur 5-40
Front headlamp Lower torso 5-100
Front tyre Tibia 7.5-27.5
Lower front sheet plate Right and left hands 45-55
The lower part of the Head 42.5-55
windscreen frame
Rear Front head lamp Lower torso 0-75
Mudguard Knees 7.5-32.5
Front tyre Tibia 7.5-35
Headlamp Femur 15-32.5
Lower front sheet plate Upper torso 40-95
The lower part of the Head 40-50
windscreen / frame
Side Mudguard Right femur 0-20
Headlamp The upper part of the right 2.5-27.5
femur
Headlamp Lower torso 5-95
Front tyre Right tibia 5-15
The lower part of the Head 45-60
windscreen / frame

3.2.1.2 Kinematic response at impacts 42cm offset from the vehicle’s centreline

Figure 3- 1 (b) and 3-2 (b) demonstrates the kinematic response of impacts at 42cm
offset from the vehicle’s centreline for front, rear and side-impact orientations for adult

and 6'YO-child pedestrians, respectively.

For the adult pedestrian, a frontal offset impact occurred between the lower torso and
the frontal offset vehicle edge, which produced a high force. The right femur struck at
the frontal lower sheet plate, and the right hand and arm were impacted by the frontal

vehicle edge and the frontal lower sheet plate. Subsequently, the upper torso
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(specifically the chest) interacted with the windscreen, the right knee contacted with
the frontal lower sheet plate and the head contacted with the upper side of the
windscreen region. Finally, the pedestrian rotated, and the left femur interacted with
the frontal lower sheet plate and the right-hand side of the vehicle. For the 6YO-child
pedestrian, the first contact was between head and the lower windscreen/frame. Their
chest then interacted with the front offset edge. The right-hand body regions (including
the femur, patella and tibia) and the left-hand body regions (including the arm, patella
and tibia) struck the lower front sheet plate. Finally, the child pedestrian rotated to the

vehicle’s right-hand side, as shown in Figure 3-2 (b)

For adult pedestrian, initial offset rear impact occurred between the lower torso and
the front leading edge. The left hand impacted the lower vehicle sheet plate and the
left arm impacted the frontal leading edge. The left knee impacted the lower frontal
sheet plate and the left tibia impacted the lower sheet plate. The pedestrian was
subsequently rotated to the right of the vehicle, the head simultaneously contacted with
the upper side corner of the windscreen and windscreen frame. No impacts occurred
at the upper torso. While for 6YO-child pedestrian, the initial interaction was between
the upper torso and the lower offset windscreen frame, then the left arm and the left
hand impacted by the lower front sheet plate. The child pedestrian head collided both
the lower windscreen and windscreen frame. Then, left tibia, right arm, right tibia and
right hand contacted with the lower front sheet plate. Lastly, the child pedestrian

rotated to the vehicle’s right-hand side, see Figure 3-2 (b)

For the adult pedestrian, the initial offset side impact occurred between the right arm
and the right-hand leading edge, and the right hand impacted with the lower front sheet
plate. Subsequently, the right hand twisted behind the upper torso and the whole body
rotated to the right-hand side of the vehicle, such that the right femur struck the lower
sheet plate. The pedestrian subsequently turned to face the vehicle. Nonetheless, no
torso or head contact occurred. Lastly, the pedestrian rotated further to the right-hand
side of the vehicle. Thus, for all impact positions, the first interaction occurred between
the frontal leading edge and the lower torso and upper limbs. The impact then occurred
with the other pedestrian body regions, as shown in Table 3-3. The rotational dynamic
for the pedestrian was the significant kinematic response in all impact positions. There
was only a simple rotation about the longitudinal axis during the side impact. While
for the 6YO-child pedestrian, the first interaction was between the right arm/hand and
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lower torso with the lower front sheet plate. The child’s head then impacted both the
vehicle windscreen and windscreen frame, see Table 3-4. Then, the right tibia and knee
contacted the lower front sheet plate. Finally, the child pedestrian rotated to the right-
hand side of the vehicle, see Figure 3-2 (b).

Table 3- 3. The sequence of adult pedestrian-vehicle interaction and contact time at 42cm offset
from the vehicle’s centreline.

Impact Vehicle contact region Pedestrian contact Contact time
position region duration (ms)
Front Front offset edge Lower torso 0-43
Front offset edge Right femur 5-32
Front edge and lower sheet Right hand and arm 11-15
plate
Windscreen Upper torso, specifically 12-47
chest

Front lower sheet plate Right knee 17-32
Upper side windscreen Head 24-27

Rear Front leading edge Lower torso 0-27
Front leading edge Left arm 7-12
Lower front sheet plate Left knee 14-27
Lower sheet plate Left tibia 32-37
Upper side corner of Head 60-65

windscreen and frame

Side Right leading edge Right arm 0-60

Lower front sheet plate Right hand 2-5

Lower sheet plate Right femur 47

- No head and torso -
contacts
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Table 3- 4. The sequence of 6YO-child pedestrian -vehicle interaction and contact time at 42cm
offset from the vehicle’s centreline.

Impact Vehicle contact region Pedestrian contact Contact time
position region duration (ms)
Front The lower part of windscreen Head 0-22.5
Front offset edge Chest 7.5-30
Front offset edge Right arm 17.5-20
Lower front sheet plate Right femur 17.5-27.5
Lower front sheet plate Right knee 22.5-25
Lower front sheet plate Left knee 30-64.5
Lower front sheet plate Right tibia 42.5-50
Lower front sheet plate Left arm 47.5-100
Lower front sheet plate Left tibia 67.5-100
Rear Front offset edge Upper torso 0-25
Lower Front Sheet Plate Left arm 5-12.5
Lower front sheet plate Left hand 10-12.5
Lower Windscreen / Frame Head 15-17.5
Lower front sheet plate Left tibia 40-50
Lower front sheet plate Right arm 42.5-62.5
Lower front sheet plate Right tibia 50-52
Lower front sheet plate Right hand 60-62
Side Lower front sheet plate Right arm 0-40
Lower front sheet plate Right hand 2-5
Lower front sheet plate Right lower torso 15-37.5
Lower Windscreen / Frame Head 17.5-20
Lower front sheet plate Right tibia and knee 35-45

3.2.2 Head contact locations and angles during primary impacts

Notably, it is established that the head contact locations vary with impact position,
vehicle contact region and pedestrian size. The upper and lower parts of the windscreen
and the windscreen frame are the most frequently impacted, stiffest and the most

injurious vehicle components. However, the adult pedestrian’s head interacted with
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the upper regions of the windscreen and windscreen frame, while the child impacted
with the lower parts of auto rickshaw components, see Figure 3-3. In terms of head
contact angles, it varied with impact position, vehicle impact region and pedestrian
size. However, mostly, head contact angles of the 6YO-child were less than adult. In
addition, no head contact angle was observed for the adult pedestrian during the side
offset, which is a result of no head-vehicle interactions occurring at impact velocities
between 5 and 40km/h, see Table 3-5.

Side centre - adult

Rear centre - adult
Front offset - adult

Rear offset - adult Front centre - adult

Side offset - child Side centre - child

Front offset - child Rear centre - child

Rear offset - child Front centre - child

Figure 3- 3. Head contact locations for adult pedestrian of the auto rickshaw.

Table 3- 5. Head contact angles for adult and child pedestrians during various impact positions and
two vehicle contact regions (centreline and offset).

Impact position Adult (degrees) 6YO-child (degrees)
Front-centre 31 20
Front-offset 24 17
Rear-centre 18 19
Rear-offset 47 19
Side-centre 45 20

Side-offset No head contact 39
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3.2.3 Head contact time duration during primary impacts

Head contact time is defined as the time duration between the first contact of the human
body and the head contact against the vehicle’s components [160]. The head contact
time for a pedestrian was explored at two-vehicle contact regions (vehicle’s centreline
and 42cm offset from the vehicle’s centreline) at different impact positions (front, rear

and side) and two pedestrian sizes (adult and 6'YO-child).

3.2.3.1 Head contact time duration during impacts at the vehicle’s centreline

During all of the primary impact simulations, the head contact time was different for
various impact positions and the high velocity of impact resulted in short head contact
times for both the adult and child pedestrians, see Figures A-1 and B-1. However, in
most cases, the head contact time for the child was less than that of the adult. In
addition, during all of the impact simulations, no contacts occurred between the head
and vehicle components for the adult and child at 5 km/h, see Figures C-1 to C-3.
Moreover, the effective rotational angle for both adult and child pedestrian about the
frontal sheet plate of the auto rickshaw varied with the impact position, see Figure A-
2 and B-2.

3.2.3.2 Head contact time duration at 42cm offset from the vehicle’s centreline

Generally, the head contact time for both adult and child decreased with impact
velocity at all impact positions. However, no head contact time was observed during
the adult pedestrian-vehicle impacts in the side-offset scenario, see Figures A-3 and
C-6. In addition, the child’s head contact time was less than the adult’s. Moreover, the
head contact time for both pedestrian sizes impacted at 42cm offset from the vehicle’s
centreline was less than that produced at the vehicle’s centreline, see Figures C-4 to
C-6.

3.2.4 Head injury criterion and injury risk level during primary impacts
Head injury severity for both pedestrian size (adult and child) was examined using the
Head Injury Criterion (HIC1s) and the head injury risk level was investigated using the

AIS at different locations (front, rear and side) at two-vehicle contact regions

(centerline of the vehicle and 42cm offset from the vehicle’s centreline).
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3.2.4.1 Head injury criterion and risk level during primary impacts at the

vehicle’s centreline

In general, all HIC values, for both pedestrian sizes (adult and paediatric), at the
vehicle’s centreline increased considerably with vehicle impact velocity at all impact

positions (front, rear and side), see Figures A-4, A-5, B-4 and B-5.

Figure 3-4 demonstrates HIC values and impact velocities during the frontal impact
position at the vehicle’s centreline for the adult and 6'YO-child pedestrians. It can be
observed that the HIC values of the 6YO-child pedestrians are generally higher than
the adults at impact velocities between 5 and 40km/h. In addition, the HIC values of
the adult pedestrian exceeded the threshold, HIC15=1000 at 30km/h, while the HIC
values for the child pedestrian exceeded the threshold, HIC15=700 at 20km/h.

Figure 3-5 shows HIC values and impact velocities during rear impact positions at the
vehicle’s centreline for adult and child pedestrians. It can be seen that the child
pedestrian’s HIC values are higher than the adults. Moreover, the HIC values of the
adult pedestrian exceeded the threshold, HIC15=1000 at 25km/h. Whereas, the HIC
values of the child pedestrian exceeded the threshold, HIC15=700 at 20km/h.

Figure 3-6 illustrates HIC values and impact velocities during side-impact positions at
the vehicle’s centreline for adult and child pedestrians. It can be seen that the HIC
values of child pedestrian are higher than adults. Furthermore, the HIC values of the
adult pedestrian do not exceed the threshold, HIC=800 at impact velocities between 5
and 40km/h. However, HIC of adults exceeded the threshold, HIC=800 at 48km/h (see
Figure A-4), while the HIC values of child pedestrian exceeded the threshold,
HIC15=700 at 20km/h, see Figure B-4.

Figures A-6 to A-8 and B-6 to B-8 show that the head injury risk for adult and 6YO-
child pedestrians, respectively, in the front and rear impact positions was significantly
higher than that produced in the side-impact position. However, it was also observed
that the head injury risk level between moderate AIS2+ and fatal A1S6+ for the child

pedestrian is higher than that for the adult in most cases, see Tables C-1 to C-3.
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Figure 3- 4. HIC values in the frontal impacts at the vehicle’s centreline for adult and 6'YO-child
pedestrians.
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Figure 3- 5. HIC values in the rear impacts at the vehicle’s centreline for adult and 6'YO-child
pedestrians.
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Figure 3- 6. HIC values in the side impacts at the vehicle’s centreline for adult and 6'YYO-child
pedestrians.

3.2.4.2 Head injury criterion and risk level at primary impacts 42cm offset

from the vehicle’s centreline

In most impact positions, the HIC values for both adult and paediatric pedestrians
increased considerably with vehicle impact velocity.

Error! Reference source not found. illustrates HIC values and impact velocities
during the frontal impact position at 42cm offset from the vehicle centreline for the
adult and 6'YO-child pedestrians. It is observed that the HIC values for the 6YO-child
pedestrians are generally higher than those for the adults during all impact velocities
from 5 to 40km/h. In addition, the HIC values of adult pedestrian exceeded the
threshold, HIC15=1000 at 25km/h, while the HIC values for the child pedestrian
exceeded the threshold, HIC15=700 at 10km/h.

Figure 3-8 shows HIC against impact velocity at the rear impact position at 42cm offset
from the vehicle’s centreline for the adult and child pedestrians. All HIC of the values
for both pedestrian sizes are increased significantly with impact velocity. However, no
head-vehicle contact occurred for the adult pedestrian until 15km/h. It has been seen

that the HIC values for the 6YO-child pedestrians are higher than adults. Furthermore,
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the HIC values for the adult pedestrian exceeded the threshold, HIC15=1000 at 20km/h.
HIC values of child pedestrian exceeded the threshold, HIC15=700 at 10km/h.

Figure 3-9 demonstrates HIC values and impact velocities during the side-impact
position at 42cm offset from the vehicle’s centreline for adult and 6YO-child
pedestrians. It is observed that no HIC values were produced for the adult pedestrian
at impact velocities between 5 and 48km/h as a result of no head-vehicle interactions
being produced, see Figure A-5. No child pedestrian head contacts occurred until
15km/h. In addition, HIC values increase noticeably with impact velocity and
exceeded the threshold, HIC15=700 at 15km/h, see Figure B-5.

Figures A-9, A-10 and B-9 to B-11 show that the head injury risk produced in the rear
impact position for adult and child pedestrians, respectively, is higher than that
produced in the front impact position. However, head injury risk, between moderate
AIS2+ and fatal AIS6+ for the child is in most cases higher than those in the adult, see
Tables C-4 to C-6.
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8000 Front impact threshold for adult, (HIC=1000)
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Figure 3- 7. HIC values in the frontal impacts at 42 cm offset from the vehicle’s centreline for adult
and 6YO-child pedestrians.
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Figure 3- 8. HIC values in the rear impacts at 42 cm offset from the vehicle’s centreline for adult
and 6YO-child pedestrians.
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Figure 3- 9. HIC values in the side impacts at 42 cm offset from the vehicle’s centreline for adult
and 6YO-child pedestrians.
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3.2.5 Upper neck injury criteria and injury risk level during primary impacts

Although, there is no upper neck injury assessment for 6'YO-child in the rear impacts.
Upper neck injury for adult and child pedestrians during the front impacts was assessed
based on Njj criterion. While, Nxm criterion only was used to examine upper neck injury
for adult pedestrian in the rear impacts. In addition, upper neck injury risk level was
investigated using the AIS at two-vehicle contact regions, centerline of the vehicle and

42cm offset from the vehicle centreline for both adult and child pedestrians.
3.2.5.1 Upper neck injury criteria and risk level during frontal primary

impacts at the vehicle’s centreline

The neck injury risk for both adult and child is represented by the Neck Injury Criteria
Nij for frontal impacts. In addition, upper neck load cases varied with pedestrian size,
impact velocity and vehicle contact regions. Compression-extension (Nc) was the
maximum load case for the adult pedestrian at 5 and 10km/h. While, it was tension-

extension (Nt) at 15 to 40km/h, as shown in Figure A-11.

However, compression-extension (Nce) was the maximum load case for the 6'YO-child
pedestrian at 5km/h, see Figure B-12. While, it was tension-extension (N) at impact
velocity between10 to 40km/h. The Njj values were determined by selecting the worst

load conditions, from each of the different impact velocities, see Figure B-12.

The maximum load conditions for frontal impacts for the adult and child were chosen
to signify the worst-case upper neck load situations and they represent Njj values, as
shown in Figure 3- 10. The Nj values for both adult and child pedestrians were
observed to increase noticeably with vehicle impact velocity. The N;j values for 6YO-
child pedestrians are higher than the adults. Moreover, the Nj values for adults
exceeded the threshold, Nj=1 at 25 km/h. Despite the fact, the Nj for the child
exceeded the threshold, Nj=1 at 15km/h, this indicates a significantly higher upper
neck injury vulnerability to the child pedestrian than an adult in a front impact, see
Figure 3- 10.

Table C-7 shows the upper neck injury risk for adult and 6'YO-child pedestrians at the
vehicle’s centreline during frontal impacts. It can be seen from this table that the upper
neck injury risk between moderate A1S2+ and critical AI1S5+ in the frontal impacts for

the child is higher than for the adult at impact velocities between 5 and 40km/h.
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For rear impacts, the Nkm values were only identified for the adult pedestrian by
selecting the worst-case load condition during each of the different impact velocities.
The results show that flexion-anterior (Nf.) was the worst-case at 5 km/h and
extension-posterior (Nep) at 10 km/h. Meanwhile, at 15 km/h, 20 km/h and 25 km/h,
the flexion-posterior (Nf) load case was the maximum peak between all of the upper
neck load conditions and the flexion-anterior (Nf.) value was selected at 30 km/h as
the worst-case. Extension-anterior (Nea) was the worst upper neck load case at 32 km/h
and extension-posterior Nep was the maximum load between 35 and 48 km/h, see
Figure A-12.

The maximum load conditions for the front and rear impacts (shown in Figures A-11
and A-12) were selected to represent the worst-case upper neck load situations of both
Nij and Nkm, See Figure A-13. In addition, Nxm exceeded the rear impact threshold,
Nkm=1 at 10 km/h, which indicates a significantly greater upper neck injury
vulnerability to rear impacts. In addition, the upper neck injury risk produced in the
rear impacts was greater than that produced in the frontal impacts, see Figures A-14
and A-15.
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Figure 3- 2. Upper neck injury values for adult and 6YYO-child pedestrians impacted at the vehicle’s
centreline.
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3.2.5.2 Upper neck injury criteria and risk level at primary impacts 42cm

offset from of the vehicle’s centreline

The neck injury risk for both adult and 6YO-child pedestrians is represented by the
Neck Injury Criteria Nj; for frontal impacts. The upper neck load cases varied with
pedestrian size, vehicle contact regions and impact velocity. Compression-extension
(Nce) was the worst-case at 5 km/h. Tension-extension (Nt) was selected as the worst
load case at impact velocities between 10 km/h and 25km/h. When the impact velocity
increased from 30 to 40km/h, tension-flexion (N¢) was the maximum load, see Figure
A-16. Meanwhile, for the 6YO-child, the tension-flexion (N) was the worst-case at
impact velocities between 5 and 40km/h, see Figure B-13.

The maximum load conditions at 42cm offset from the vehicle’s centreline for the
frontal impact for the adult and child pedestrian were chosen to signify the worst-case

upper neck load situations and represents Nj; values, as shown in Figure 3- 11.

Nij values for both adult and child pedestrians were observed to increase noticeably
with vehicle impact velocity. Njj values for 6YO-child pedestrians are higher than the
adults. Moreover, the Njj values for the adults exceeded the threshold, Njj=1 at 25 km/h.
The Nj;j for the child exceeded the threshold, Njj=1 at 15km/h, which indicates that the
child pedestrian has a significantly higher upper neck injury vulnerability than an adult

in the front impacts, see Figure 3- 11.

In addition, it can be seen that upper neck injury risk between moderate AlIS2+ and
critical AIS5+ in the frontal impacts for child is higher than adult at impact velocities
between 5 and 40km/h, see Table C-8.

For the rear impacts Nkm Vvalues were only identified for the adult pedestrian by
selecting the worst-load cases during different impact velocities. Flexion - posterior
(Nfp) was the worst load at 5 km/h, flexion - anterior (Nf.) at 10 km/h, flexion -
posterior (Nfp) between 15 km/h and 20 km/h and extension - posterior (Nep) at 25
km/h to 48 km/h, see Figure A-17.

The worst load conditions for Njj and Nkm were chosen from Figures A-16 and A-17,
to represent the neck injury value and to evaluate the risk of an upper neck injury.
Figure A-18 shows that Nkm increased significantly with impact velocity. For frontal
impacts, Njj exceeded the threshold, Njj=1 at 25 km/h; while for rear impacts, Nkm
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exceeded the threshold, Nkm=1 at 15 km/h, see Figure A-18. Therefore, the rear impact
position is considered to be the worst-case and has a high risk of severe neck injury,

regardless of vehicle contact region (i.e., centreline or offset), see Figures A-19 and
A-20.
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Figure 3- 11. Upper neck injury values for adult and 6 YO-child pedestrians impacted at 42cm
offset from the vehicle’s centreline.
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3.2.6 Chest contact locations during primary impacts

In this section, chest contact locations will only report for the adult pedestrian. From
impact simulations, it was established that the chest contact locations vary depending
on vehicle contact region. The windscreen is the most frequently impacted, stiffest

and most injurious vehicle component, as shown in Figure A-21.

3.2.7 Chest contact time duration during primary impacts

Chest contact time is the duration between the first interaction between the pedestrian’s
chest and the vehicle components.

Chest contact time was investigated at two-vehicle contact regions (vehicle’s
centreline and 42cm offset from the vehicle’s centreline) in the front impact position
with various impact velocities. During all of the impact simulations, the chest

interaction time was decreased with impact velocity. In the front impact at the vehicle
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centreline, no contacts occurred between the chest and the windscreen at 5km/h. In
addition, it is higher than that produced at front-offset. Therefore, chest contact time

was varied with vehicle contact region, see Figure A-22.

3.2.8 Chest injury criteria and injury risk level during primary impacts

Chest injury was only examined for the adult pedestrian using the Combined Thoracic
Index CTI, for frontal impacts. While, chest injury risk was investigated based on AIS
coding at two-vehicle contact regions (centreline of the vehicle and offset). All CTI
values increased significantly with vehicle impact velocity at both vehicle-contact
regions. In addition, CTI values produced in the vehicle centreline were exceeded the
threshold, CTI=1 at 35Km/h or greater. While, CTI values produced in the offset
exceeded the threshold, CTI=1 at 40km/h, see Figure 3- 12.

The risk of chest injury was assessed by relating CTI values to the AIS at a various
risk levels from moderate AIS2+ to critical AIS5+. In addition, it was found that the

front-centre impact is higher than that produced at offset, see Figures A-23 and A-24.

F —— Front centre —4#— Front offset
1.8 +

1.6 + Front impact threshold, (CTI=1)

| B E e B R B L ma i B
0 5 10 15 20 25 30 35 40 45 50 55
Impact velocity (km/h)

Figure 3- 12. CTI values for adult pedestrian in the frontal impacts at two vehicle contact regions
(centreline and 42cm offset).
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3.3 Secondary impacts

The majority of this section is focused on the interaction between the adult pedestrian
and the ground, resulting from auto rickshaw impacts at two vehicle regions (centreline
and 42cm offset from the vehicle centreline) at three different impact positions (front,
rear and side) with various selected impact velocities for each position. This section
covers the full post kinematic response of the adult pedestrian, throw distance, injury
criteria; for the head, upper neck and chest. In addition, injury risk level was classified
based on AlIS coding.

3.3.1 Kinematic response during secondary impacts

Full post kinematic responses includes the pedestrian-vehicle interaction, flying,
falling and sliding responses. The primary impact represent only the interaction
between pedestrian body regions and the vehicle components and the secondary
impacts, represent the pedestrian, flying, falling and contacting with the ground and
sliding subsequent to projection from the impacting vehicle.

3.3.1.1 Kinematic response during secondary impacts at the vehicle’s centreline

Figure 3- 13 shows the full kinematic response for the adult pedestrian impacted at the
vehicle centerline at front, rear and side impact orientations, including primary and

secondary impacts at 30km/h.

During the primary impacts, the first frontal impact occurred between the pedestrian’s
knees and the front headlamp and the final impact was between the head and the upper
windscreen and upper section of the windscreen frame, which both occurred at 50ms.
The flying phase started when both feet left the ground at 105ms and moved in a
rearward path with high momentum and a simple rotation towards the vehicle’s left-
hand side. In addition, rotational movement was produced during a right sided impact
with the ground resulting in a face-to-face ground contact and an almost 180 degree

relative leg rotation.

Throughout the rear primary impact scenario, both knees were impacted by the
headlamp, followed by the head impacting the upper vehicle windscreen frame at
82ms. When contact was lost, forward motion was produced and no significant

rotation was observed. A secondary impact occurred during the falling phase,
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producing contact between the left foot and the ground with a noticeable rotation,
while the right foot impacted the ground twice. Significant flexion was observed to

the left tibia, producing two left knee-ground and right tibia contacts.

Finally, the whole body became unbalanced, rotating forward in the direction of

impact, producing a face-to-face ground interaction.

In the side primary impact scenario, the interaction started between the vehicle
headlamp and the right knee and both feet completely leaving the ground at 30ms.
Only during this scenario was the pedestrian observed to vault over the auto-rickshaw
with a significant rotation around the Y-axis, such that the head struck the upper side
of the windscreen frame at 100ms. Subsequently a significant rotation to the right-
hand side of the vehicle was observed. At 107ms, the pedestrian completely lost
contact with the vehicle and a falling phase started at 593ms. The right foot contacted
with the ground, which produced ankle rotation. The head impacted at the face with
the ground three times, between 652 and 658ms, followed by a significant neck
bending between 658 to 695ms. The second head impact was between 697and 712ms
and the third impact was between 720 to 778ms. Then, the right-hand side contacted
with the ground and the left leg dropped producing a rotation, which changed the

motion to a slide which caused a chest-ground impact.
3.3.1.2 Kinematic response during secondary impacts at 42cm offset from the

vehicle’s centreline

Figure 3- 14 shows the full kinematic sequence of impacts at a 42cm offset from the
vehicle centreline for the front, rear and side pedestrian impact orientations.

The front offset primary impacts produced a significant transfer of momentum
between the lower torso and the frontal offset vehicle edge. The head impacted the
windscreen at 24ms and the left foot left the ground at 44ms before the pedestrian lost

contact with the vehicle at 55ms.

Both feet totally left the ground and a flying phase began at 60ms. Finally, the
pedestrian rotated and the left femur contacted with the frontal lower sheet plate and
the right-hand side of the vehicle before falling to the ground. The left foot contacted
with the ground at 315ms and the right foot at 365ms. No head-ground contact
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occurred due to the pedestrian falling on their lower torso. The tibia and right femur

collided with the legs at angle of almost 180 degrees.

During the rear-offset primary impact, contact occurred between the lower torso and
the vehicle front leading edge. The head simultaneously impacted with the upper side
corner of the windscreen and windscreen frame at 60ms. Both feet left the ground at
85ms for a period of almost 75ms. The secondary impact occurred at 160ms and
impact occurred between the right foot and the ground for a period of 25ms and the
left foot impacting at 210ms for a period of 12ms. Foot contact was lost at the right
foot at 222ms and the left foot between 312 and 485ms. A noticeable flexion was
observed in both left and right legs, producing left knee contact at 370ms. Body
rotation was produced and the left hand and arm impacted the ground for nearly 27ms.
The left side of the torso contacted the ground at almost 575ms. Head-ground-contact
occurred at the face at 580ms and the whole body was observed to slide and rotate,
until it was face down with the ground at 700ms. Finally, a significant rotational
movement was produced after 760ms, when the whole body contacted the ground at
its back.

The side-offset primary impacts occurred between the right arm and the right leading
vehicle edge. No head impact occurred during this scenario. A flying phase began
when the feet left the ground at 50ms and then an impact occurred between the left
foot and the ground, for approximately 100ms. The whole pedestrian body lost contact
with the vehicle at 145ms, subsequently turning to face the vehicle. No torso or head
contact occurred. The pedestrian rotated to the right-hand side of the vehicle before
entering a falling phase at 417ms. The left foot interacted the ground, followed by the
right foot contact prior to the lower torso impacting the ground and rotating such that
the back of the head contacted the ground at 542ms. The whole pedestrian body
significantly rotated to its back on the ground at 570ms and continued sliding on the
ground until it came to rest. The kinematic response of each position varied with the
impact velocity resulting in different body region contacts and ground contact orders,

see Figure 3- 15.
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! g _ Side centre

T=0ms T=75ms T=220ms T=350ms T=500ms T=600ms T=675ms T=830ms

Figure 3- 3. The full kinematic response of adult pedestrian dummy impacted at the vehicle’s centreline in different impact positions (front, rear and side) during the
primary and secondary impacts.
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Figure 3- 14. The full kinematic response of adult pedestrian dummy impacted at 42cm offset from the vehicle’s centreline in different impact positions (front,
rear and side) during the primary and secondary impacts.
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Figure 3- 15. Landing patterns of adult pedestrian dummy impacted at different impact velocities

and different vehicle regions (a) pedestrian impacted at the vehicle’s centre in front, rear and side

position; (b) pedestrian impacted at a 42cm offset from the vehicle’s centre in front, rear and side
position.
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3.3.2 Throw distance

Establishing a correlation between the throw distance, during a vehicle-pedestrian road
accident and vehicle impact velocity is a valuable tool in road traffic accident
investigations. A correlation can be established between the kinematic response of the
adult pedestrian ATD, during accident reconstruction of different impact scenarios,
including different positions, vehicle velocities and two vehicle contact regions (i.e.
centreline and offset). Generally, throw distance increased with the vehicle’s impact

velocity, as shown in Figures 3-16 and 3-17.

3.3.2.1 Throw distance at the vehicle’s centreline

Figure 3- 16 shows the throw distance for adult pedestrian impacted at the vehicle
centreline. During all impact positions, throw distance increased significantly with
impact velocity. In addition, the throw distances produced during rear impacts were

greater than those produced during the frontal and side impacts.
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Figure 3- 16. Throw distance and impact velocity at different pedestrian positions, front, rear and
side at centreline of the vehicle.
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3.3.2.2 Throw distance at 42cm offset from the vehicle’s centreline

Figure 3- 17 illustrates the throw distance for an adult pedestrian impacted at 42cm
from the vehicle centreline. Throw distance increased with impact velocity.
Moreover, the throw distances produced during the rear impacts were greater than
those produced during the frontal and side impacts. However, the impact at the vehicle
centreline produced a greater throw distance than that provided at the 42cm offset.
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Figure 3- 17. Throw distance and impact velocity at different pedestrian positions, front, rear and
side at 42cm offset from the vehicle’s centreline.

3.3.3 Comparison of the kinematic response of an adult pedestrian during

impact a Real-World accident with simulations

A real-world pedestrian-auto-rickshaw rear-offset accident, captured by CCTV in
India, was investigated by simulated impacts at a range of velocities between 15, 25
and 30km/h in an attempt to “best match” the kinematic response of the adult
pedestrian against impact velocity. A velocity of 25 km/h was considered the best

match, see Figure 3- 18.
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=
(d)
Figure 3- 18. Comparison of post impact kinematic response between a Real-World pedestrian-
auto-rickshaw rear impact accident with simulations. Pedestrian offset from vehicle’s centreline at
(a) 15km/h; (b) 25km/h; (c) 30km/h and (d) CCTV-Real-World accident [292].

The lower torso of the simulated pedestrian was observed to impact with the leading
frontal edge of the vehicle. Both feet then left the ground and the head impacted the
upper corner of the windscreen and windscreen frame. The body rotated to the side of
the vehicle and entered the falling phase until the feet impacted the ground. The lower
torso and head impacted with the ground and the whole body then slid and rotated to

contact the ground. The legs, lower torso and head sequentially contacted the ground.
3.3.4 Head injury criterion and injury risk level during secondary impacts
Head injuries were evaluated during secondary impacts by using the head injury

criterion HICys values, which were converted to Abbreviated Injury Scale (AIS) values
to assess head injury severity risk.

This section describes the investigation of the injury potential at three impact positions
(front, rear and side) at selected impact velocities from 10 to 40km/h and two vehicle

contact regions, the vehicle centreline and 42cm offset.

115



Chapter 3. Results

3.3.4.1 Head injury criterion and injury risk level during secondary impacts at

the vehicle’s centreline

During pedestrian-vehicle impacts between the vehicle centreline and pedestrian front,
rear and side impact positions, it can be observed that the variation in impact velocity
leads to different pedestrian head-ground contact directions, see Figure 3- 19. Impact
direction of the head with the ground and the HIC head injury threshold values

produced during the secondary impacts were observed.

Generally, HIC values fluctuated with vehicle impact velocity and exceeded the head
injury thresholds, HIC15=1000 at all impact positions (front, rear and side) at impact
velocity between 10 and 35km/h, see Figure D-1.

Head injury risk levels against HIC values for adult pedestrians at the vehicle
centreline in front, rear and side impacts are demonstrated in Table D-1. In general,
injury risk levels, including moderate AIS2+ to fatal AIS6+, are significant and

produced a 100% risk even at the low impact velocity at 10km/h.

Front centre

V=15km/h V=20km/h V=30km/h

Rear centre

V=10km/h V=15km/h

Side centre

SO

V=15km/h V=30km/h V=35km/h

Figure 3- 19. Adult pedestrian head-ground directions at different impact velocities at initial front,
rear and side impact positions at the vehicle’s centreline.
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3.3.4.2 Head injury criterion and injury risk level during secondary impacts at

42cm offset from the vehicle’s centreline

For pedestrian-vehicle impacts at 42cm offset from the vehicle centreline at front, rear
and side impact positions, it can be seen that impact velocity variation leads to different
pedestrian head-ground contact directions, as shown in Figure 3- 20.

Following the direction of the impact between the adult pedestrian head and the
ground, all HIC values produced during the secondary impacts were evaluated based
on head injury threshold, HIC15=1000.

Generally, the HIC values were observed to fluctuate with impact velocity. No HIC
values were produced during the front offset impact scenarios as a result of no head
contact occurring with the ground. During the rear impacts, no head-ground
interaction was observed at 15km/h. The HIC value exceeded the HIC threshold,
HIC15=1000 at 25km/h, however, the HIC value produced at 30km/h was below the
threshold. Side impacts were tested at impact velocities between 15km/h and 40km/h,
HIC values only exceeded the threshold, HIC15=1000 at 15, 25, 30 and 40km/h, as
shown in Figure D-2. Therefore, no dependency was observed between all HIC values
produced from the ground contacts and impact velocity.

Head injury risk levels against HIC values for adult pedestrian at 42cm from the
vehicle centreline in front, rear and side impacts are illustrated in Table D-2. In
addition, no head injury risks were produced during the frontal impacts. Side impact
produced significant head injury risk levels at 15km/h, 25km/h, 30km/h and 40km/h,
with almost 100% fatal head injury risk.
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Front offset

V=20km/h V=25km/h V=30km/h

Rear offset

V=15km/h V=25km/h V=30km/h

Side offset

V=15km/h V=20km/h V=25km/h V=30km/h V=35km/h V=40km/h

Figure 3- 4. Adult pedestrian head-ground directions at different impact velocities at initial front,
rear and side impact positions at 42cm offset from the vehicle’s centreline.

3.3.5 Upper neck injury criteria and injury risk level during secondary impacts

The neck injury criterion Nj and Ngm (for frontal and rear impact exposures,
respectively), were applied to the simulation data and subsequently converted into an

AIS score, to assess the associated upper neck injury severity risk.
3.3.5.1 Upper neck injury criteriaand injury risk level during secondary impacts

at the vehicle’s centreline

Frontal impacts, following the impact direction with the ground at different impact
velocities are shown in Figure 3- 19. Upper neck load cases and injury criterion Nj;
and Nxm are varied. Extension-posterior (Nep) was the maximum load case, Nkm at
15km/h and 20km/h. While, compression-flexion (Ncf) was the worst load case

produced at 30km/h, which represents the Nij, see Figure D-3.

In addition, Nkm values produced at 15km/h and 20km/h, exceeded the upper neck
injury threshold, Nkm=1. While, the Nijj value produced at 30km/h was below the upper
neck injury threshold, Nij=1, see Table 3- 6.
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Rear impacts, following the impact direction with the ground at different impact
velocities are shown in Figure 3- 19. Compression-extension (Nce) was the maximum
load case, which present the Nj; at 10km/h, 15km/h and 30km/h, as illustrated in Figure
D-4. Furthermore, N;jj values produced at all impact velocities between 10km/h and

30km/h exceeded the upper neck injury threshold, Njj=1, see Table 3- 6.

Side impacts, following the impact direction with the ground at different impact
velocities shown in Figure 3- 19. Compression-extension (Nce) is the worst load case
Njj at 15km/h, 30km/h and 35km/h, demonstrated in Figure D-5. Moreover, Njj values
produced at all impact velocities from15km/h to 35km/h exceeded the upper neck
injury threshold, Nj=1, see Table 3- 6. Therefore, upper neck load cases, upper neck
injury criterion and upper neck injury values Njj and Nxm varied with impact velocity.
In addition, upper neck injury values Nj; and Nkm fluctuated with impact velocity at the

vehicle centreline during the secondary impacts.

Upper neck injury risk against Njj and Nkm values for adult pedestrian at the vehicle
centreline in front, rear and side impacts are shown in Figures D-6 to D-8. Generally,
during frontal impact, upper injury risk produced by Nkm values, was higher than that
produced by Nj. While, upper neck injury risk, produced during the rear and side

impacts are associated with high injury risks.

3.3.5.2 Upper neck injury criteriaand injury risk level during secondary impacts

at 42cm offset from the vehicle’s centreline

During frontal impacts, no head-ground contacts were observed, thus, no head injury
values were produced. However, the head tended to move to the side, and might cause
neck injury, see Figure 3- 20. Due to modelling limitations, no Nj; values and risk
levels calculations were possible for primary side impacts. For the rear and the side

impacts, upper neck load conditions and injury criterion, Njj and Nkm are varied.

Rear impacts, following the impact direction with the ground at different impact

velocities are shown in Figure 3- 20. Upper neck load cases and injury criterion Nj;

and Nkm are varied. Flexion-posterior (Nf) was the maximum load condition at

15km/h. While, extension-anterior (Nea) was the worst load case produced at 25km/h,

see Figure D-9. When the impact velocity changed to 30km/h, compression-flexion

(N¢f) was produced as the worst load case, and represents the Nj; value, Figure D-9.
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Furthermore, Nkm values produced at impact velocities between 15km/h and 25km/h
exceeded the upper neck injury threshold, Nkm=1, see Table 3- 7. While, Nj; value
produced at 30km/h was below the injury threshold, N;j=1, Table 3- 7.

Side impacts, following the impact direction with the ground at different impact
velocities are shown in Figure 3- 20. Upper neck load conditions and injury criterion
Nij and Nkm are varied. Extension-posterior (Nep) was the maximum load case, which
represents the Nkm at impact velocities of 15km/h, 20km/h, 25km/h and 35km/h, see
Figure D-10. While, extension-anterior (Nea) was the worst load case at 30km/h, as

shown in Figure D-10.

When the impact velocity increased to 40km/h, tension-extension (Nt) was produced
as the maximum upper neck load and present Njj, as illustrated in Figure D-10.
Additionally, all Nkm values produced at impact velocities between 15km/h and
35km/h exceeded the upper neck injury threshold, Nkm=1. While, N;jj values produced
at 40km/h were below the threshold, Njj=1, as shown in Table 3- 7. Thus, upper neck
load cases, upper neck injury criterion and upper neck injury values Nij and Nxm varied
with impact velocity. Moreover, upper neck injury values Nj; and Nkm fluctuated with

impact velocity at 42cm from the vehicle centreline in the secondary impacts.

Upper neck injury risks against Nij and Nkm values for adult pedestrian at 42cm from
the vehicle centreline in the rear and side impacts are illustrated in Figure D-11 and D-
12. Mostly, upper injury risks produced by Nwm values were higher than those

produced by Ni;.
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Table 3- 6. Upper neck injury values for adult pedestrian in the secondary impacts at the vehicle’s
centreline in different impact positions (front, rear and side positions).

Table 3- 7. Upper neck injury values for adult pedestrian in the secondary impacts at 42cm offset
from the vehicle’s centreline in different impact positions (rear and side positions).
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3.3.6 Chest injury criterion and injury risk level during secondary impacts

Chest injury risk as a result of frontal impacts is assessed by using the Combined
Thoracic Index (CTI) for adult pedestrians caused by the ground contact when the
initial impact occurred at the vehicle centreline and offset in three initial impact

positions (front, rear and side).
3.3.6.1 Chest injury criterion and injury risk level during secondary impacts at

the vehicle’s centreline

From pedestrian-vehicle impacts at the centreline of the vehicle during front, rear and
side impact positions, it can be observed that the variation in impact velocity leads to

different pedestrian chest-ground contact directions, see Figure 3- 19.

The frontal chest impact direction with the ground and chest injury risk, during the
secondary impacts, will assess based on the CTI values from frontal chest impacts with

ground.

Frontal impacts, following the impact direction with the ground at different impact
velocities are shown in Figure 3- 19. No frontal chest-ground contacts were observed
at 15km/h and 20km/h, however, frontal chest-ground interactions occurred at 30km/h

and produced CT]I values below the chest injury threshold, CTI=1, see Table 3- 8.

Rear impacts, following the ground impact direction at various impact velocities are
illustrated in Figure 3- 19. Frontal chest impacts occurred at 10km/h, 15km/h and
30km/h and produced CTI values at all impact velocities. All CTI values fluctuated
with impact velocity. In addition, CTI values were below the injury threshold, CTI=1,

as shown in Table 3- 8.

Following the ground impact direction at the side impact position, frontal chest
impacts occurred at 15km/h, 30km/h and 35km/h. CT]I values fluctuated with impact
velocity, furthermore, all CTI values were below the injury threshold, CTI=1 at all

impact velocities, as shown in Table 3- 8.

Therefore, CTI values fluctuated with impact velocity during the secondary impacts.
Chest injury risk during the secondary impacts for adult pedestrian at the vehicle

centreline is correlated with CT1 values, see Figures D-13 to D-15.
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3.3.6.2 Chest injury criterion and injury risk level during secondary impacts at

42cm offset from the vehicle’s centreline

Pedestrian-vehicle impacts at 42cm from the vehicle centreline at front, rear and side
Impact positions showed that the variation in impact velocity leads to different
pedestrian chest-ground contact directions, see Figure 3- 20. Frontal chest impact
direction with the ground and chest injury during secondary impacts will be assessed,

based on the CTI when frontal chest impacts with ground.

For the front impacts, no chest-ground contact occurred at any of the impact velocities
of 20km/h, 25km/h and 30km/h.

During the rear impacts, following the ground impact direction, no chest-ground
interactions were observed at 15km/h and 25km/h, see Figure 3- 20. While, frontal
chest-ground impacts occurred at 30km/h and produced CTI value below the chest
injury threshold, CTI=1, as shown in see Figure 3- 20 and Table 3- 9.

For the side impacts, following the ground impact direction, no chest-ground contacts
occurred at 15km/h, 20km/h, 25km/h, 30km/h and 35km/h, see Figure 3- 20.

While, impact at 40km/h produced CTI values below the injury threshold, CTI=1, see
Figure 3- 20 and Table 3- 9.

Chest injury risk during the secondary impacts for adult pedestrian, at 42cm from the

vehicle centerline, is associated with CT1 values, see Figures D-16 and D-17.
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Table 3- 8. Chest injury values for adult pedestrian in the secondary impacts at the vehicle’s
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centreline in different impact positions (front, rear and side positions).

Table 3- 9. Chest injury values for adult pedestrian in the secondary impacts at 42cm offset from
the vehicle’s centreline in different impact positions (front, rear and side positions).
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3.4 The sensitivity of the model contact parameters.

The coefficient of friction has a significant influence on the pedestrian-vehicle impact
simulations in terms of the kinematic response and injury risk. The original
simulations of the current study used two friction coefficients; 0.65, for the contact
between the pedestrian dummy and the vehicle and 0.7 for the interaction between the
pedestrian dummy feet and the ground and the vehicle tyre and the ground. This
section explains the sensitivity associated with variation in the frictional coefficients

on the kinematic response and head injury risk during primary and secondary impacts.

3.4.1 Primary impacts

Rear offset impacts scenario were analysed because they produced the most injurious

primary impact scenarios.
3.4.1.1 Kinematic response

During all the impact scenarios shown in Figure 3-21, the initial interactions at the
offset rear occurred between the lower torso and the front leading edge. The left hand
collided the lower vehicle sheet plate and the left arm impacted the frontal leading
edge. The left knee interacted with the lower frontal sheet plate and the left tibia
impacted the lower sheet plate. The pedestrian was subsequently rotated to the right
of the vehicle with no upper torso contacts observed during all the impact scenarios,
shown in Figure 3-21. Finally, the pedestrian head contacted with the upper corner of
the windscreen and windscreen frame. It was observed that the variation in friction
coefficients during primary impacts had no significant influence on the kinematic

response.
3.4.1.2 Head injury

Head injury was examined for the rear offset subject to different frictional coefficients,
relevant to pedestrian-vehicle and pedestrian feet-ground/vehicle tyre-ground contacts
using HIC15 during primary and secondary impacts.

Table 3-10 shows HIC values for adult pedestrian impacted in the rear impact position
at 42cm offset from the vehicle centreline at 30km/h during primary impacts. It was
observed that all HIC values exceeded the threshold (HIC=1000) during all impact

scenarios. Moreover, no significant changes occurred during all impact scenarios.
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Table 3-10. HIC values vs friction coefficients during primary impacts

Impact Friction Friction Friction HIC

scenarios coefficient coefficient coefficient

(pedestrian- (pedestrian shoes- (vehicle’s tyre-
vehicle) ground) ground))

Original case 0.65 0.70 0.70 4259
First case 0.30 0.70 0.70 4227
Second case 0.75 0.70 0.70 3918
Third case 0.65 0.30 0.30 4308
Fourth case 0.65 0.75 0.75 3919
Fifth case 0.30 0.75 0.75 4308
Sixth case 0.75 0.30 0.30 4026

3.4.2 Secondary impacts

3.4.2.1 Kinematic response

All rear offset impact scenarios were simulated at 30km/h. During all rear-offset
impact scenarios, both feet left the ground at 85ms for a period of almost 75ms.
However, the variation in the friction coefficient has a significant influence on the

kinematic response during secondary impacts, see Figure 3-21.

3.4.2.1.1 Original case scenario

During the rear-offset original secondary impact, the secondary impact occurred at
160ms and impact occurred between the right foot and the ground for a period of 25ms
and the left foot impacting at 210ms for a period of 12ms. Foot contact was lost at
the right foot at 222ms and the left foot between 312 and 485ms. A noticeable flexion
was observed in both left and right legs, producing left knee contact at 370ms. Body
rotation was produced and the left hand and arm impacted the ground for nearly 27ms.
The left side of the torso contacted the ground at almost 575ms. Head-ground-contact
occurred at the face at 580ms and the whole body was observed to slide and rotate,
until it was face down with the ground at 700ms. Finally, a significant rotational
movement was produced after 760ms, when the whole body contacted the ground at

its back, see Figure 3-21 (a).

3.4.2.1.2 First case scenario
Figure 3-21 (b) shows the rear-offset first secondary impact scenario, the secondary
impact occurred at 202ms and impact occurred between the right foot and the ground

for a period of 23ms and the left foot impacting at 282ms for a period of 12ms. Then
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the pedestrian impacted the ground on his right knee at 332ms for 28ms. In addition,

no head-ground interaction was observed.

3.4.2.1.3 Second case scenario

Figure 3-21 (c) shows the rear-offset second secondary impact scenario. The
secondary impact occurred at 175ms and impact occurred between the right foot and
the ground for a period of 47ms, then again, the right foot comes to contact with the
ground at 205ms for a period of 62ms and the left foot impacting at 275ms for a period
of 32ms. A noticeable flexion was observed in both left and right legs, producing left
knee contact at 360ms. Body rotation was produced and the left hand impacted the
ground at 405ms for nearly 25ms. The left side of the torso contacted the ground at
almost 570ms. In addition, no head contact was observed.

3.4.2.1.4 Third case scenario
Figure 3-21 (d) shows the rear-offset third secondary impact scenario. This impact
scenario produced kinematic response similar to that produced in the original case

scenario, see Figure 3-21 (a).

3.4.2.1.5 Fourth case scenario
Figure 3-21 (e) shows the rear-offset fourth secondary impact scenario. This impact
scenario produced kinematic response similar to that produced in the original and the

third impact case scenarios, see Figure 3-21 (a) and (d).

3.4.2.1.6 Fifth case scenario
Figure 3-21 (f) shows the rear-offset fifth secondary impact scenario. This impact
scenario produced kinematic response similar to that produced in the first impact

scenario, see Figure 3-21 (b).

3.4.2.1.7 Sixth case scenario
Figure 3-21 (g) shows the rear-offset fifth secondary impact scenario. This impact
scenario produced kinematic response similar to that produced in the second impact

scenario, see Figure 3-21 (c).
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Figure 3-21. The full kinematic response of adult pedestrian dummy impacted in the rear offset
scenario at 30km/h including the effect of different friction coefficients; (a) original, (b) first
scenario, (c) second scenario, (d) third scenario, (e) fourth scenario, (f) fifth scenario, (g) sixth
scenario.
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3.4.2.2 Head injury

Table 3-11 shows HIC values for adult pedestrians impacted in the rear impact position
at 42cm offset from the vehicle centreline at 30km/h during secondary impacts. It was
observed that all HIC values produced in the original, third and fourth impact scenarios
did not exceed the threshold (HIC=1000) during all impact scenarios. Moreover, even
though the variation in frictional coefficient produced a significant kinematic response
variation, there was no significant change in HIC during all impact scenarios when the

pedestrian head contacted with the ground, see Table 3-11.

Table 3-11. HIC values Vs friction coefficients during secondary impacts

Impact Friction Friction Friction HIC
scenarios coefficient coefficient coefficient
(pedestrian- (pedestrian shoes- (vehicle’s tyre-
vehicle) ground) ground))

Original case 0.65 0.70 0.70 580
First case 0.30 0.70 0.70 No head
contact
Second case 0.75 0.70 0.70 No head
contact

Third case 0.65 0.30 0.30 580

Fourth case 0.65 0.75 0.75 580
Fifth case 0.30 0.75 0.75 No head
contact
Sixth case 0.75 0.30 0.30 No head
contact

3.5 Comparison between primary and secondary impacts for adult

pedestrian

This section presents an investigation of head, upper neck and chest injuries and injury
risk level for adult pedestrian in the primary and secondary impacts to assess their
relative impact risks, considering both vehicle contact regions (centreline and offset)

and three different impact positions (front, rear and side).
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3.5.1 Head injury and injury risk level during primary and secondary impacts
3.5.1.1 Head injury criterion and injury risk level during primary and secondary

impacts at the vehicle’s centreline

During frontal primary impacts, HIC values increased significantly with impact
velocity and exceeded the threshold HIC15=1000 at 30km/h, see Figure 3- 21.

Secondary impact HIC values fluctuated and were often higher than those produced
during primary impacts and exceeded the threshold HIC15=1000 at all impact
velocities, even with low impact velocity at 15 and 20km/h, as shown in Figure 3- 21.

Rear primary impacts, showed a similar trend, producing higher HIC values at
increasing impact velocities, exceeding the threshold HIC15=1000 at 25km/h,
however, no head impact was produced at 10km/h, as shown in Figure 3- 22.
Secondary impacts again followed a similar trend, with HIC values fluctuating with
impact velocity, although values were significantly higher than that produced during
primary impacts, which exceeded the threshold HIC15=1000 during all impact

velocities, as demonstrated in Figure 3- 22.

Side primary impacts produced no head-vehicle contact at 15km/h, see Figure 3- 23.
All HIC values increased with impact velocity at 30 and 35km/h, though did not
exceed the threshold HIC=800, as shown in Figure 3- 23. Secondary side impacts,
followed the impact direction of the head with the ground, HIC values fluctuated and
were often higher than those produced during primary impacts. The HIC values also
exceeded the head injury thresholds HIC15=1000, as illustrated in Figure 3- 23.

Head injury risk for adult pedestrians at the vehicle centreline at front, rear and side
impact positions produced during the secondary impacts is higher than primary
impacts. In addition, even at the low impact velocity of 10km/h a 100% fatal head

injury risk was produced, see Figures E-1 to E-3.
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Figure 3- 22. HIC for primary and secondary front impacts at the vehicle’s centreline.
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Figure 3- 23. HIC for primary and secondary rear impacts at the vehicle’s centreline.
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Figure 3- 24. HIC for primary and secondary side impacts at the vehicle’s centreline.

3.5.1.2 Head injury criterion and injury risk level during primary and secondary

impacts at 42cm offset from the vehicle’s centreline

During frontal primary impacts, HIC values increased significantly with increasing
impact velocity, exceeding the HIC15=1000 threshold at 25km/h, see Figure 3- 24.
Secondary impacts produced no head contacts with the ground at all impact velocities,

as presented in Figure 3- 24.

For rear primary impact, the HIC values significantly increased with impact velocity
and exceeded the threshold HIC1s at 20km/h, as shown in Figure 3- 25. HIC values
during secondary impacts, fluctuated and were potentially lower than those produced
during primary impacts, no head-ground contact was observed at 15km/h, see Figure
3- 34. The HIC value exceeded the HIC threshold at 25km/h, however, the HIC value

produced at 30km/h was below the threshold, as demonstrated in Figure 3- 25.

Primary side impacts produced no head-vehicle interactions between 15 and 40km/h
and thus, no HIC values were produced, see Figure 3- 26. Secondary impact HIC
values fluctuated with impact velocity, only exceeding the HIC1s threshold at 15, 25,
30 and 40km/h, see Figure 3- 26.
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Head injury risk, for adult pedestrian at 42cm offset from the vehicle centreline at
front, rear and side impact positions produced during the secondary impacts is quite
high and produced almost 100% fatal head injury risk in most cases, see Figures E-4
to E-6.
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Figure 3- 25. HIC for primary and secondary front impacts at offset 42cm offset from the vehicle’s
centreline.
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Figure 3- 26. HIC for primary and secondary rear impacts at offset 42cm offset from the vehicle’s
centreline.
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Figure 3- 27. HIC for primary and secondary side impacts at offset 42cm offset from the vehicle’s
centreline.
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3.5.2  Upper neck injury criteria and injury risk level during primary and

secondary impacts

3.5.2.1 Upper neck injury criteria and injury risk level during primary and

secondary impacts at the vehicle’s centreline

Upper neck loads for adult pedestrian impacts at the vehicle centreline at all impact

positions are varied during primary and secondary impacts, see Figures E-7 to E-9.

For frontal primary impacts at the vehicle centreline the pedestrian upper neck injury
values increased significantly with impact velocity; Nij values exceeded the threshold
Nij=1 at 30km/h, as illustrated in Figure 3- 27. For secondary impacts, Nkm values
exceeded the threshold Nkm=1 at 15 and 20km/h. Meanwhile, at 30km/h, the Nij value
was below the threshold (1), see Figure 3- 27.

Rear primary impacts produced significantly greater upper neck injury values with
increasing impact velocity, with Nkm exceeding the Nim threshold at 10km/h, as
demonstrated in Figure 3- 28. Secondary impacts produced fluctuating upper neck
injury values; Njj values exceeded the threshold at 10km/h and above, see Figure 3-
28.

Due to modelling limitations, no Nj; values and risk level calculations were possible
for primary side impacts, however, secondary impacts, produced upper neck injury
values, which fluctuated with impact velocity. Nij values exceeded the threshold at
15km/h and above, see Figure 3- 29.

Upper neck injury risk for adult pedestrians at the vehicle centreline at front, rear and
side impact positions relevant to Nkm values produced during both primary and
secondary impacts are associated with high upper neck injury risk than Nj; values, see
Figures E-10 to E-12.
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Figure 3- 28. Upper neck injury values for primary and secondary front impacts at the vehicle’s
centreline.
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Figure 3- 29. Upper neck injury values for primary and secondary rear impacts at the vehicle’s
centreline.
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Figure 3- 30. Upper neck injury values for primary and secondary side impacts at the vehicle’s
centreline.

3.5.2.2 Upper neck injury criteria and injury risk level during primary and

secondary impacts at 42cm offset from the vehicle’s centreline

Upper neck loads for adult pedestrian impacts at 42cm from the vehicle centreline, in
all impact positions are varied during primary and secondary impacts, see Figures E-
13 to E-15.

Frontal primary impacts, offset at the vehicle centreline, produced pedestrian upper
neck injury values, which increased significantly with impact velocity. Nj; values
exceeded the threshold at 25km/h and above, see Error! Reference source not
found.. Secondary impacts produced no head contact with the ground and thus, no

head or neck injury values Njj or Nkm Were produced in this position.

In addition, head-neck movement tends to move in the side direction, due to side neck
injury limitations, no upper neck injury values were calculated in this position in the

secondary impacts, as illustrated in Error! Reference source not found..
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For rear primary impacts, upper neck injury values increased with the vehicle impact
velocity; Nkm values exceeded the threshold at 15km/h and above, as shown in Error!
Reference source not found.. For secondary impacts, Nkm values exceeded the
threshold at 15 and 25km/h. No significant Nj; value was produced until 30km/h,

though this was below the threshold (1), see Error! Reference source not found..

No primary side impacts Nj; values were calculated in this study. Secondary impacts
produced upper neck injury values, which fluctuated with impact velocity; Nkm
exceeded the threshold between 15 and 35km/h. Again, no significant Nj; value was

produced until 40km/h, see Error! Reference source not found..

Upper neck injury risk for adult pedestrian at 42cm offset from the vehicle centreline
in front, rear and side impact positions relevant to Nkm values produced during both
primary and secondary impacts are associated with higher upper neck injury risk than

Nijj values, see Figures E-16 to E-18.
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Figure 3- 5. Upper neck injury values for primary and secondary front impacts at 42cm offset from
the vehicle’s centreline.
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Figure 3- 32. Upper neck injury values for primary and secondary rear impacts at 42cm offset from

the vehicle’s centreline.
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Figure 3- 33. Upper neck injury values for primary and secondary side impacts at 42cm offset from

the vehicle’s centreline.
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3.5.3 Chest injury criterion and risk level during primary and

secondary impacts

3.5.3.1 Chest injury criterion and risk level during primary and secondary

impacts at the vehicle’s centreline

During frontal primary pedestrian impacts, CTI values were observed to increase
significantly with impact velocity, however, all CTI values were below the threshold
for injury CTI=1 at impact velocities between 15 and 30km/h. Secondary impacts
produced no significant CT1 values at impacts velocities of 20km/h or below and CTI
values were less than those produced during primary impacts at 30km/h, see Figure 3-
33.

Rear primary impacts produced no frontal chest impacts. During secondary impacts,
all CTI values fluctuated with impact velocity, all CTI values were below the

threshold, see Figure 3-34.

For primary side impacts, again no front chest impacts occurred. For secondary
impacts, all CTI values fluctuated with impact velocity and all values were below the
threshold (1) at impact velocities between 15 and 35km/h, see Figure 3-35.

Chest injury risk, for adult pedestrians at the vehicle centreline at front, rear and side
impact positions produced during the primary impacts is higher than those produced

during the secondary impacts, see Figures E-19 to E-21.
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Figure 3- 34. CTI for primary and secondary frontal impacts at the vehicle’s centreline.
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Figure 3- 35. CTI for primary and secondary rear impacts at the vehicle’s centreline.
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Figure 3- 36. CTI for primary and secondary side impacts at the vehicle’s centreline.

3.5.3.2 Chest injury criterion and risk level during primary and secondary

impacts at 42cm offset from the vehicle’s centreline

For front primary impacts offset 42cm from the vehicle centreline, CTI values
increased significantly with impact velocities between 20 and 30km/h, however, all
CTI values were below the threshold. For secondary impacts, no chest-ground contact
occurred at any of the impact velocities, see Figure 3- 36.

Rear primary impacts produced no frontal chest impacts. Secondary impacts produced
no front chest-ground contact at 15 and 25km/h. Meanwhile, when the impact velocity
increased to 30km/h, chest-ground contact was observed, though the CTI values were
below the threshold, as shown in Figure 3- 37.

During primary side impacts, no frontal chest impacts occurred. Secondary impacts
produced no chest-ground contacts between 15 and 35km/h. However, at 40km/h,
chest-ground contact was observed, which produced CTI values below the threshold,
as demonstrated in Figure 3- 38.
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Chest injury risk for adult pedestrians at 42cm offset from the vehicle centreline at
front, rear and side impact positions produced during the secondary impacts are
significantly lower, see Figures E-22 to E-24.
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Figure 3- 37. CTI for primary and secondary frontal impacts at 42cm offset from the vehicle’s
centreline.
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Figure 3- 38. CTI for primary and secondary rear impacts at 42cm offset from the vehicle’s
centreline.
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Figure 3- 39. CTI for primary and secondary side impacts at 42cm offset from the vehicle’s
centreline.
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3.6 Auto rickshaw engineering modification for adult pedestrian

safety enhancement

This section presents an investigation of the effects of material and material
thicknesses modifications for the most frequently impacted, stiffest and most injurious
vehicle components (windscreen and windscreen frame) on the injury risk for an adult
pedestrian during primary impacts. Different materials and thicknesses are
investigated to assess injury risk, based on HICis, Nij, Nkm and CTI and associated
AlS.

3.6.1 Head injury and injury risk level during primary impacts after vehicle

modifications
3.6.1.1 Head injury and injury risk level during primary impacts after vehicle

modifications at the vehicle’s centreline

The HIC values were investigated for an adult male pedestrian impacted by the auto
rickshaw at the vehicle centreline at front, rear and side impact positions at impact
velocities between 10 and 40km/h, for the original vehicle materials and the modified
materials are shown in Figures 3- 39 to 3- 41. Iterations of the modified auto rickshaw
include a polycarbonate windscreen with differing windscreen frame material. While,
head injury risk, specifically severe head injury (AlS4+) for the adult pedestrian at the
vehicle centreline in all impact positions (front, rear and side) for the original vehicle

materials and the modified materials, are presented in Figures F-1 to F-3.

Comparing HIC values for the original materials of the windscreen and windscreen
frame, to the modified materials shows a significant improvement can been made to
HIC values and head injury risk for frontal and rear impacts at the vehicle centreline
for all windscreen frame materials with PC windscreen. However, Aluminium 6016-
T4 and Magnesium AZ31B show a remarkable decrease in HIC values and injury risk
level at all impact velocities, see Figures 3- 39, 3- 41, F-1 and F-2. Despite this, the
HIC values and head injury risk during the side impact positions produce by far the
worst results, with large increases in HIC at all velocities through implementation of
the PC windscreen and modified windscreen frame materials, as demonstrated in
Figures 3- 41 and F-3.
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Figure 3- 40. HIC values for adult pedestrian impacts at the vehicle’s centreline for all simulations
run in frontal impact with a polycarbonate windscreen and modified windscreen frame materials.
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Figure 3- 41. HIC values for adult pedestrian impacts at the vehicle’s centreline for all simulations
run in rear impact with a polycarbonate windscreen and modified windscreen frame materials.
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Figure 3- 42. HIC values for adult pedestrian impacts at the vehicle’s centreline for all simulations
run in side impact with a polycarbonate windscreen and modified windscreen frame materials.

3.6.1.2 Head injury and injury risk level during primary impacts after vehicle

modifications at 42cm from the vehicle’s centreline

The HIC values for an adult male pedestrian impacted by the auto rickshaw at 42cm
offset from the vehicle centreline in front and rear impact positions at impact velocities
between 10 and 40km/h, for the original vehicle materials and modified materials are
shown in Figures 3- 42 and 3- 43. The iterations of the modified auto rickshaw all

include a polycarbonate windscreen with differing windscreen frame material.

Head injury risk, specifically severe head injury AlS4+, for the adult pedestrian at
42cm from the vehicle centreline in all impact positions (front, rear and side) for the
original vehicle materials and the modified materials are presented in Figures F-4 and
F-5.

It can be observed that pedestrian safety improved significantly as the HIC values and
head injury risk reduced at all impact velocities for the front and rear impact positions
at the 42cm offset, as illustrated in Figures 3- 42, 3- 43, F-4 and F-5. Although the
modified materials show a greater reduction in head injury risk for the offset positions,
the HIC values and head injury risk produced in offset positions are significantly

greater than those at the vehicle centreline.
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In addition, side offset impacts are not included in this study, since there was no adult
pedestrian head contact with the vehicle at impact velocities of between 10 and
40km/h.
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Figure 3-43. HIC values for adult pedestrian impacts at 42cm offset from the vehicle’s centreline
for all simulations run in frontal impact with a polycarbonate windscreen and modified windscreen
frame materials.
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Figure 3- 44. HIC values for adult pedestrian impacts at 42cm offset from the vehicle’s centreline
for all simulations run in rear impact with a polycarbonate windscreen and modified windscreen
frame materials.

3.6.2 Upper neck injury and injury risk level during primary impacts after

vehicle modifications

3.6.2.1 Upper neck injury and injury risk level during primary impacts after

vehicle modifications at the vehicle’s centreline

The upper neck injury values at the vehicle centreline in frontal Njjand rear Nkm impact
positions at velocities between 10 and 40km/h, for the original auto rickshaw materials
and the modified materials are shown in Figures 3- 44 and 3- 45. As above, the
modified auto rickshaw iterations all include a polycarbonate windscreen with

differing windscreen frame material.

Upper neck injury risk, specifically serious neck injury AIS3+, for the adult pedestrian
at the vehicle centreline at front and rear impact positions for the original vehicle

materials and the modified materials are presented in Figures F-6 and F-7.

Comparing upper neck injury values for the original materials of the windscreen and

windscreen frame, with the modified materials, indicates that remarkable reductions
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to upper neck injury risk were attained for all simulations in frontal impacts to the
vehicle centreline.

Overall, the greatest improvements were observed for the simulations with a PC
windscreen and either Aluminium 6016-T4 or Magnesium AZ31B windscreen frame
materials, which exhibited notable decreases in Njj values at all impact velocities, as
shown in Figures 3- 44 and F-6. Alternatively, the material modifications only show
slight improvements for rear impacts and still have high Nkm values, which would
produce great upper neck injury risk, see Figures 3- 45 and F-7.
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Figure 3- 45. Upper neck injury values at the vehicle’s centreline for all simulations run in frontal
impact with a polycarbonate windscreen and modified windscreen frame materials.
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Figure 3- 46. Upper neck injury values at the vehicle’s centreline for all simulations run in rear
impact with a polycarbonate windscreen and modified windscreen frame materials.

3.6.2.2 Upper neck injury and injury risk level during primary impacts after

vehicle modifications at 42cm from the vehicle’s centreline

The upper neck injury values for an adult male pedestrian impacted by the auto
rickshaw at 42cm offset from the vehicle centreline in frontal Njj and rear Nkm impact
positions and impact velocities between 10 and 40km/h, for the original auto rickshaw
materials and the modified materials are shown in Figures 3- 46 and 3- 47. The
modified auto rickshaw iterations all include a polycarbonate windscreen with

differing windscreen frame material.

Upper neck injury risk, specifically serious neck injury AIS3+, for the adult pedestrian
at 42cm offset from the vehicle centreline in front and rear impact positions for the
original vehicle materials and the modified materials are presented in Figures F-8 and
F-9.

Comparing upper neck injury values, for the original materials of the windscreen and
windscreen frame, with the modified materials shows that adult pedestrian safety
associated with upper neck injury risk was improved significantly for frontal impacts
in all simulations, see Figure F-8.
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Once again, the simulations run with a PC windscreen and either Aluminium 6016-T4
or Magnesium AZ31B showed the most notable decrease in Nj; values at all impact
velocities, as presented in Figure 3- 46. Similar to rear impacts at the vehicle
centreline, rear impacts at a 42cm offset show the material modifications provided only
minor safety improvements, with Nkm values still producing a high upper neck injury
risk, see Figures 3- 47 and F-9. There was also little difference between the Nkm values
of the modified materials for all impact velocities.
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Figure 3-47. Upper neck injury values at 42cm offset from the vehicle’s centreline for all
simulations run in frontal impact with a polycarbonate windscreen and modified windscreen frame
materials.
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Figure 3-48. Upper neck injury values at 42cm from the vehicle’s centreline for all simulations run
in rear impact with a polycarbonate windscreen and modified windscreen frame materials.

3.6.3 Chest injury and injury risk level during primary impacts after vehicle
modifications

3.6.3.1 Chest injury and injury risk level during primary impacts after vehicle

modifications at the vehicle’s centreline

The chest injury CTI values at the vehicle centreline at the frontal impact position at
velocities between 10 and 40km/h, for the original auto rickshaw materials and the
modified materials are shown in Figure 3- 48. As above, the modified auto rickshaw
iterations all include a polycarbonate windscreen with differing windscreen frame

material.

Chest injury risk, specifically serious chest injury AIS3+, for the adult pedestrian at
the vehicle centreline at the frontal impact position for the original vehicle materials
and the modified materials are presented in Figure F-10.

Comparing chest injury values CTI for the original materials of the windscreen and
windscreen frame, with the modified materials shows that adult pedestrian safety,
associated with chest injury risk, was improved significantly for frontal impacts during
all simulations, see Figure F-10. Once again, the simulations were run with a PC

windscreen and either Aluminium 6016-T4 or Magnesium AZ31B showed the most
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significant decrease in CTI values at all impact velocities, as demonstrated in Figure
3- 48.
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Figure 3-49. Chest injury values at the vehicle’s centreline for all simulations run in frontal impact
with a polycarbonate windscreen and modified windscreen frame materials.

3.6.3.2 Chest injury and injury risk level during primary impacts after vehicle

modifications at 42cm from the vehicle’s centreline

The chest injury values at 42cm offset from the vehicle centreline at the frontal impact
position CTI at impact velocities between 10km/h and 40km/h, for the original auto
rickshaw materials and the modified materials, are shown in Figure 3- 49. As above,
the modified auto rickshaw iterations all include a polycarbonate windscreen with

differing windscreen frame material.

Chest injury risk, specifically serious chest injury AIS3+, for the adult pedestrian at
the vehicle centreline and frontal impact position for the original vehicle materials and

the modified materials are presented in Figure F-11.

Associating chest injury values CTI, for the original materials of the windscreen and
windscreen frame, with the modified materials illustrates that adult pedestrian safety,
related to chest injury risk, was improved considerably for frontal impacts in all

simulations, as shown in Figure F-11. Once again, the simulations run with a PC
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windscreen and either Aluminium 6016-T4 or Magnesium AZ31B showing the most

notable reduction in CTI values at all impact velocities, see Figure 3- 49.
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Figure 3-50. Chest injury values at 42cm offset from the vehicle’s centreline for all simulations run
in frontal impact with a polycarbonate windscreen and modified windscreen frame materials.
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4. DISCUSSION

4.1 Introduction

This chapter discusses four main study investigations:-

» The primary vehicle impact for adult and child pedestrians.

» A secondary ground impact for an adult pedestrian.

» The influence of different vehicle “point of impact” material properties and
thicknesses of the windscreen and windscreen frame on adult pedestrian head,

neck and chest injury mitigation and their associated costs and benefits.

The impact scenarios will be discussed, based on pedestrian-vehicle impact at various
impact velocities, at two contact regions, at the centreline of the vehicle and at 42cm
offset from the vehicle centreline in three impact positions (front, rear and side) using
two pedestrian dummy sizes, adult and 6YO-child. Moreover, the study will describe
vehicle impact response characteristics, including the kinematic response, throw
distance, injury parameters and injury risk level, associated with impact at three body

regions, head, neck and chest.
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4.2 Primary impacts

Real-World pedestrian impacts occur with highly variable initial pedestrian kinematics
and Kkinetics conditions. In addition, small postural perturbations significantly
influence pedestrian impact kinematics and kinetics. This study investigated the
kinematic response of pedestrians who are impacted by an auto rickshaw, and who are
subject to a narrow range of particular initial conditions, because its objective was to
computationally simulate the relatively unfamiliar impact biomechanics of the auto
rickshaw in comparison to more common four-wheeled vehicles. The influence of the
impact velocity, impact position including three orientations (front, rear and side),
pedestrian size (using two crash dummies: 50" percentile male and 6'YYO-child Hybrid
I11) and vehicle contact region (at the vehicle’s centreline and 42cm offset from the
vehicle’s centreline) were investigated. Pedestrian kinematics and injury risks were

assessed and compared across all simulations. .

4.2.1 Kinematic response during primary impacts

Previously, efforts have been reported of the analysis of the kinematic response of an
adult pedestrian impacted by an auto rickshaw in the rear and side-impact standing
positions. The analysis was, however, relatively superficial and further research is
needed. Analyses of the front and walking side impacts for the adult pedestrian at the
vehicle’s centreline and offset were notably absent. In addition, the kinematic
response for 6YO-child pedestrian has not yet been reported. Consequently, this
section reports all of the variations of the impact positions for the adult pedestrian
impacted by the auto rickshaw (including front, rear and side impact in the walking
position) at both of the vehicle contact regions (centreline and 42cm offset from the
vehicle’s centreline). Moreover, the kinematic response of a 6YO-child pedestrians
impacted by an auto rickshaw was examined for the first time at the same three impact
positions and both vehicle contact regions (centreline and 42cm offset from the

vehicle’s centreline) at a range of impact velocities, between 5 and 40km/h.

Generally, all of the initial contacts occurred most frequently below the pedestrian’s
centre of gravity and the lower frontal vehicle parts for both adult and child
pedestrians. Furthermore, the kinematic response for an adult impacted at both vehicle
contact regions (centreline and offset) is similar to that for a child. The dynamic

response during the impact at the vehicle’s centreline produced a forward trajectory,
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for both adult and child pedestrians in the travelling direction of the vehicle. While, a
significant rotational response was observed for the adult and child to the vehicle’s
right-hand-side, due to impact asymmetry, as shown in Figures 3-1 and 3-2.

4.2.1.1 Kinematic response during impacts at the vehicle’s centreline

The first interaction with the pedestrian generally occurred between the lower limbs
and the lower frontal vehicle components (head-lamp, frontal sheet plate and
mudguard), nevertheless, size still had a significant influence on the dynamic response
and injury mechanics [149, 151].

The results show that the sequence of the adult pedestrian-vehicle impacts occurred
between the knees-headlamp, tibia-mudguard, lower torso-windscreen frame, chest-
windscreen/frame, upper extremities-windscreen/front sheet plate and head-upper
region of the windscreen/frame in all impact positions (front, rear and side), as shown
in Figures 3-1 (a) and Table 3-1. While, the sequence of the 6YO-child -vehicle
impacts occurred between the lower extremities-mudguard/tyre/front sheet
plate/headlamp, lower torso-headlamp, upper torso-front sheet plate and head-lower
region of the windscreen/frame in all impact positions (front, rear and side), as shown
in Figures 3-2 (a) and Tables 3-2. In addition, this study found that the frontal impact
kinematic response was similar to the rear impacts, in that little or no rotation was
produced. However, side impact to a walking posture for both adult and child
pedestrians produced rotation around the pedestrian’s longitudinal axis, dependent on
the forward or rearward position of the ipsilateral leg, since this created a lever arm
and change in the orientation of the pelvis prior to impact, as shown in Figures 3-1 (a)
and, 3-2 (a), and Tables 3-1 and 3-2. This might result from the effect of changing the
pedestrian’s posture, which led to changes in the centre of gravity, as previously
mentioned by Peng et al (2012) [151].

Therefore, the significant differences are the head impact locations of the adult impacts
with the upper regions of the windscreen/frame, while the head of the 6YO-child
impacted with the lower regions of the windscreen/frame. No chest-vehicle impacts
occurred for the 6YO-child, while the adult’s chest impacted the vehicle windscreen.
This might be a result of the centre of gravity differences, specifically that the centre

of gravity of the 6YO-child is lower than the adults.
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Moreover, differences between the mass and height of the adult and the 6YO-child
(78.6 compared to 23kg and 1680 compared to 1140mm, respectively) and anatomical
features [117] might produce numerous kinematic perturbations at the vehicle contact
regions. Similarly, the response is consistent with Peng et al. (2012), who concluded
that variations in size led to variations in kinematic response, body region-vehicle

contact order and injury risk [151].

In summary, impact velocity, impact position, posture and vehicle contact regions are
influenced by kinematic response during pedestrian-vehicle impacts. Therefore, the
pedestrian’s size has a significant influence on the contact body region of pedestrian-
vehicle components and impact time duration, see Figures 3-1 (a) and 3-8 (a) and
Tables 3-1 and 3-4. When impacted symmetrically, both adults and children are
moved forward in the travelling direction of the vehicle. These results were obtained
during pedestrian-vehicle impacts when pedestrian’s velocity was defined as
stationary. In cases where the pedestrian had a transverse velocity, subsequent
movement could be significantly changed, thus, influencing the head impact locations
[200].

4.2.1.2 Kinematic response at impacts 42cm offset from the vehicle’s centreline

The responses show that the sequence of the adult pedestrian-vehicle impacts occurred
between the lower torso and the front offset sheet plate, the lower extremities/knees
and the front offset edge/lower offset sheet plate, the upper extremities and the front
offset edge/lower offset sheet plate and the chest-windscreen and head-upper right
corner of the windscreen/frame, in all impact positions (i.e. front, rear and side).
However, no head impacts occurred with the vehicle components in the side offset
impact scenario, due to impact asymmetry at the vehicle’s right-hand-side, which
resulted in a significant rotation about the vehicle’s right-hand-side; as shown in Figure
3-1 (b) and Table 3-3. The sequence of the 6YO-child’s -vehicle impacts occurred
between the head and the lower corner of the windscreen and or windscreen frame, the
upper torso/chest and the front offset edge, the upper extremities and the front offset
edge/lower front offset sheet plate and the lower extremities and the lower front offset
sheet plate/front offset edge in all impact positions (i.e. front, rear and side), as shown
in Figure 3-2 (b) and Table 3-4. Therefore, the significant differences are the head

impact location of the adult’s impacts with the upper curved sharp regions of the
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windscreen/windscreen frame, while the head of the 6'YO-child impacts with the lower
regions of the windscreen/windscreen frame. No adult head-vehicle impacts occurred
during the side offset scenario at all impact velocities (i.e. between 5 and 48km/h), due
to significant rotation about the right-hand-side of the vehicle as a result of
asymmetrical impacts; see Table 3-3. Whilst the child similarly rotated to the right
side of the vehicle, head impacts did occur during the side offset scenario; see Table
3-4. This might be a result of variation in the position of the centre of gravity or mass,

size differences and or anatomical features [117].

These results are in good agreement with Chawla et al. (2003), who concluded that the
kinematics of an adult pedestrian impacted by an auto rickshaw changed when the
impact orientation changed and vehicle offset was significant, because of the rotational

behaviour of the pedestrian body caused by asymmetric contacts [40].

Similarly, this response is consistent with Peng et al. (2012), who concluded that leg
posture has a significant influence on the dynamic response of the adult pedestrian, as
a result of a changing position of the centre of gravity, In addition, the variation in
pedestrian size produced variations in kinematic response, body region-vehicle contact
orders and injury risk [151]. Furthermore, the responses are consistent with Yao et
al.’s (2007) study of 23 real accident cases involving child pedestrian-passenger
vehicle impacts, reconstructed by MADYMO, collected from German In-Depth
Accident Study (GIDAS), which stated that kinematic response is significantly

affected by impact position and initial impact posture [57].

Impact velocity, impact position, posture, vehicle contact regions and pedestrian size
were recognised as affecting the dynamic response during pedestrian-vehicle impacts,
see Figures 3-1 (b) and 3-2 (b) and Tables 3-3 and 3-4. However, both adult and child

responded to the asymmetric impacts by rotating about the side of the vehicle.

In summary, pedestrian body region impact patterns and impact time durations
produced a range of kinematic response sequences, with respect to vehicle contact
region, impact position, impact velocity and size, which can inform improved auto

rickshaw design.
4.2.2 Head contact locations and angles during primary impacts
With respect to head impact, across all the vehicle-pedestrian impact simulations, the

most frequently impacted vehicle regions were the upper regions of the windscreen
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and windscreen frame, as shown in Figure 3-3. These findings show agreement with
Chawla et al’s (2003) study, which reported that the windscreen and windscreen frame
are the most frequently impacted components relevant to the head of the adult
pedestrian impacted with an auto rickshaw [40]. The study did not, however, report
head impact location and head impact angle, such that injury metrics could not be
determined. Therefore, this section discusses for the first time the head impact location
and head contact angles for adult and child pedestrians impacted by an auto rickshaw

during primary impacts.

The adult’s head impacts occurred against the upper region of the windscreen and
windscreen frame, as shown in Figure 3-3. However, the child, impacted the lower
regions of auto rickshaw components, see Figure 3-3 and in the majority of impact
scenarios, produced head contact angles that were lower than the adults, resulting in a
centre of gravity, mass and length variation, as shown in Table 3-5. The responses
show a good agreement with the European Enhanced Vehicle Safety Committee
(EEVC) child and adult head-form subsystem head safety tests, which established that
the head impact angles for the adult and child at 40km/h are 65 and 50 degrees,
respectively [195].

Variation in vehicle contact region, pedestrian size, impact position and posture
influenced head contact location and angle, as demonstrated in Figure 3-3 and Table
3-5. These findings are in good agreement with Peng et al. (2012), who concluded that
the pedestrian gait and size influenced the kinematic response and injury risk resulting
due to a change in the centre of gravity [151]. Similarly, these responses again show a
good agreement with Okamoto et al. (2017), who concluded, when investigating the
influence of the frontal end of the vehicle, pedestrian size, the vehicle contact region
and impact velocity on the head injury, that the head impact location and impact angle
was influenced by the vehicle contact location and pedestrian height [187]. The study
used two different vehicle front-ends (a passenger car and a utility vehicle) and four
dummy sizes (large, medium and small sized adults and a 6'YO-child). In addition, the
impacts were simulated at the vehicle’s centreline and at the side of the vehicle during

impact velocities of 20, 40 and 60km/h in side impact positions.

This study produced head contact locations and angles that were influenced by the
impact position, vehicle contact region and pedestrian size, as shown in Figure 3-3 and

Table 3-5. There was, however, no significant influence of impact velocity on impact
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angle observed in this study, possibly as a result of the unique frontal end of the auto

rickshaw, which is almost flat (“van-like”™).

The importance of the head impact locations and angles are that they enable us to
identify subsystem test procedures at different impact positions and vehicle contact
regions to assist injury mitigation. This could be achieved by using the current study
data, relevant to the head impact locations and angles, to simulate head impact by
dropping a head-form onto a prescribed impact surface. However, experimental data
might be needed to increase the reliability of the head impact locations and angles for
a pedestrian impacted by an auto rickshaw. To conclude, changes in pedestrian impact
position and vehicle contact region produced variations in head contact location and
head contact angle as a result of kinematic response variation.

4.2.3 Head contact time duration during primary impacts

This section discusses, for the first time, head contact duration during pedestrian-auto
rickshaw impacts considering the following factors, impact velocity, impact positions,
vehicle contact regions and pedestrian size; as demonstrated in Figures A-1, A-3 and
B-1, B-3, and Figures 3-4 to 3-9.

4.2.3.1 Head contact duration during impacts at the vehicle’s centreline

Head contact duration was investigated at different impact velocities and different
impact positions with the adult and 6YO-child at the vehicle centreline. Three
pedestrian orientations (i.e. front, rear and side) were investigated for both adult and
child. No head impacts were produced at 5 km/h for either adult or child in all impact
positions as a result of a low momentum transfer to the pedestrian at low impact

velocities during the impact.

During frontal impacts, the adult head impacts occurred at velocities between 10 and
40 km/h. The adult head impact durations were between 177 and 50 ms, as shown in
Figure C-1. No child head impact occurred at 10km/h, due to the impacts occurring
between the lower/upper regions of the femur with the mudguard/headlamp and the
lower torso with the head lamp. These impacts dissipated most of the transferred
kinetic energy during the impacts. Therefore, the child's head was not accelerated
sufficiently to impact with the vehicle components. Child head impacts occurred at

velocities between 15 and 40 km/h, which caused high momentum transfer to the child
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during the impact, which accelerated the head to impact with the lower region of the
windscreen frame to produce impact durations of between 87 and 30 ms, as shown in
Figure C-1.

During rear impacts, no adult head impact occurred at 10km/h, due to low momentum
transfer to the adult. Head impacts occurred at velocities between 15 and 40 km/h and
produced impact durations between 153 and 70ms, as shown in Figure C-2. Child head
impacts occurred at impact velocities between 10 and 40km/h and produced head

impact durations between 123 and 30ms, see Figure C-2.

During side impacts, no adult head impacts occurred at impact velocities between 10
and 20km/h, due to the posture of the adult, which was in a walking position.
Interactions between the vehicle components and the body regions occurred at the
lower and upper body regions with vehicle components, which indicates that most of
the kinetic energy was dissipated by the lower and upper extremities; thus, potentially
limiting the acceleration of the head to impact with the vehicle. This may be a result
of variations in the position of the legs, which influence the centre of gravity in the
side position. These results are in agreement with Peng et al. (2012), who stated that
a change in gait led to a change in the centre of gravity [151] that can result in an
absence of head-vehicle impacts at low vehicle impact velocities. Adult head impacts
occurred at impact velocities between 25 and 40km/h and produced head impact
durations between 118 and 75ms, see Figure C-3. Child head impacts occurred at
impact velocities between 10 and 40km/h and produced head impact durations

between 123 and 30ms, see Figure C-3.

These responses indicate that the head impact durations, produced at the side impact
positions, are greater than those produced during frontal and rear impacts. This
indicates that the head of the adult and child pedestrians contacted with the vehicle
components at the front impact position earlier than rear and side impacts, which is a
result of significant torso bending towards the front-end of the vehicle and the effect
of the contact orders of others body regions with the vehicle components. In addition,
this might be happen because of the effective angles of rotation for adult frontal and
rear impacts are lower about the frontal edge of the auto rickshaw sheet plate than the
side impacts, being 4, 7 and 10 degrees, respectively, see Figure A-2. Meanwhile, for
the child pedestrian, the lower effective angles of rotation were about the headlamp
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during the front, rear and side impacts, and were 18, 19 and 21 degrees, respectively,

see Figure B-2.

Although the front-end of the auto rickshaw is quite different to that of a typical
passenger car, (i.e. possessing no front bumper across the width of the vehicle, no
bonnet or bonnet leading edge and only one wheel, as shown in Figures A-2 and B-2),
similar observations were made by Simms and Wood (2005), who noted that the front
and rear facing impact positions led to earlier head impacts, due to a lower effective
radius of rotation about the bonnet leading edge, compared to side positions. These
results were concluded based on investigations of the adult pedestrian head contact
forces with the vehicle and ground using two impact positions, including front and side
at impact velocities of 18, 36 and 72km/h [200]. These data can be very useful for

activation time protection for automotive engineering safety countermeasures.

Even though head impact duration varied with impact position, for both the adult and
child during impact at the vehicle’s centreline, these results establish that the head
impact duration at the vehicle centreline for the child is less than that for the adult.
Thus, the child’s head impacts with the vehicle’s components earlier than the adult’s
head, which is a result of the differences in size, mass, height, anatomical features
[117] and the variation in the effective angles of the rotation in frontal, rear and side
impacts about the front end of the auto rickshaw.

Although, the size of the adult, specifically the height, is different from the 15-YO-
child pedestrian, these responses are in good agreement with Liu and Yang (2003),
who found that the head contact time duration for 6YO-child is less than the 15YO-
child. Their study investigated a range of impact velocities between 30 and 50km/h
and the front-end geometry of a mid-size passenger car impacting the side [161].
Similar findings were reported by Ito et al. (2017), who concluded, when investigating
the kinematic response and head injury mechanisms of vehicle impacts with three child
(3YO, 6YO and 10YO) and an adult interacting with three different vehicles during
side impacts at 10 and 40km/h, that the head contact time became later in accordance
with age [194].

4.2.3.2 Head contact time duration at 42cm offset from the vehicle’s centreline
Head impact time duration was examined at different impact velocities and different
impact positions with adult and child pedestrians, 42cm offset from the vehicle’s
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centreline. The three impact positions were investigated. No head impacts were
produced at 5 km/h for either adult or child in all impact positions as a result of low

momentum transfer to the pedestrians at low impact velocities during the impact.

During frontal impacts, adult head impacts did occur at velocities between 10 and 40
km/h, the higher impact velocity producing high momentum and Kinetic energy
transfer to the adult during the impact. The adult head impact durations occurred
between 78 and 23 ms, as shown in Figure C-4. The child’s head impacts occurred at
the same impact velocities producing impact duration between 15 and 5ms, see Figure
C-4.

During rear impacts, no adult head impacts occurred at 10km/h, as a result of most of
the kinetic energy being transferred to the lower torso and the upper and lower
extremities. In addition, low impact velocities produced low momentum transfer,
which was not sufficient to accelerate the adult head to impact with the vehicle
components. Increasing the impact velocities between 15 and 40km/h produced head
contact durations between 118 and 48ms, as shown in Figure C-5. The child’s head
impacts occurred at impact velocities between 15 and 40km/h, producing head impact

durations between 28 and 10ms.

During side impacts, no adult head impacts occurred at impact velocities between 10
and 40km/h, due to significant rotations to the vehicle side, a result of asymmetric
impacts, as shown in Figure C-6. No child head impacts occurred at 10km/h, since the
relatively low momentum and Kinetic energy was absorbed by the impacting upper
extremities. This might cause deceleration to the child's head and cause it to interact
with the vehicle’s components at low impact velocities. Impact velocities between 15
and 40km/h produced head impact durations of between 35 and 13ms, as shown in
Figure C-6.

These results emphasise that the head impact duration, during impacts at the 42cm
offset from the vehicle’s centreline for adult and child pedestrians was less than at the
vehicle’s centreline, see Figures A-1, A-3, B-1 and B-3. An explanation for this
difference is that the body’s rotation to the vehicle’s side at the offset is a result of the
frontal vehicle geometry and asymmetrical impact to the pedestrian and movement to
the vehicle’s right-hand-side, which affects the pedestrian body-region-vehicle-
component impact order. However, head contact time for the child, is less than that of

the adult. This response indicates that the child’s head impacts with the vehicle
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components earlier than the adult’s, which is a consequence of the differences in size,
mass, centre of gravity, height and anatomical features [117, 187]. In addition, these
results are in good agreement with Peng et al. (2012) [163] and Yang et al. (2005),

based on a Real-World accidents investigations [69].

In summary, head contact time duration for both the adult and child decreased with
impact velocity in all impact positions at both vehicle contact regions. The responses
are consistent with those of previous studies, which concluded that the head impact

time duration decreased with impact velocity [159, 161-163].

Thus, the contact duration of head impacts with the front of the auto rickshaw was
observed to vary widely as a result of the vehicle’s impact velocity, impact position,
contact region and the pedestrian’s size, which will assist automotive designers to
improve safety [157, 159]. In particular, these findings can be used by automotive
designers to enhance safety by retro engineering/engineering safety mitigation

strategies.

4.2.4 Head injury criterion and injury risk level during primary impacts

While investigations have previously been conducted into head injury for a standing
adult pedestrian who is impacted by an auto rickshaw to the rear and side at the
centreline and offset at impact velocities between 10, 20 and 30km/h, the front and
side walking positions have not been investigated. In addition, the influence of a wide
range of the impact velocities has not been investigated. Moreover, head injury and
injury risk for a 6YO-child pedestrian impacted by an auto rickshaw during primary

impacts have not yet been investigated.

This section discusses the head injury and injury risk during pedestrian-vehicle
impacts considering the following main factors: impact velocity, impact position,
vehicle contact region and pedestrian size. The importance of this study is its potential
application by researchers and engineers who wish to modify the front-end of the
vehicle and to establish regulatory frameworks that are relevant to pedestrian safety.
To date, most vehicle-safety regulations have been focused on four-wheeled vehicles,
such as the Global Technical Regulations (GTRs) and European New Car Safety
Assessment Programme (Euro-NCAP), while no regulations have been established for

an auto rickshaw or other three-wheel vehicles.
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4.2.4.1 Head injury criterion and risk level during primary impacts at the

vehicle’s centreline

During frontal impacts, the results emphasise, that the HIC exceeded the head injury
thresholds, HIC15 =1000 and 700 for adult and child, at 30 and 20km/h respectively,
see Figure 3-4. These findings are in good agreement with the study of Chawla et al.
(2003), which concluded that the head injury risks for the adult pedestrian were “quite
high” during impact with an auto rickshaw at 30km/h [40]. In addition, the results
indicate that the HIC for the child is higher than the adult by an average of 17 % at
impact velocities between 15 and 40km/h. In addition, the head injury risk to the child
is greater than the adult by an average increase of 10%, 5%, 4%, 3% and 6%, for
moderate, serious, severe, critical and fatal head injuries, respectively; as shown in
Table C-1.

During rear impacts, the results emphasise that the HIC exceed the head injury
threshold HIC15 =1000 and 700 for the adult and child at 25 and 20km/h, respectively,
see Figure 3-5. Again the HIC for the child is greater than the adult by an average
increase of 75%, at impact velocities between 15 and 40km/h, corresponding to an
average child head injury risk increase of 7%, 13%, 30%, 42% and 36% for moderate,

serious, severe, critical and fatal head injuries, respectively; as shown in Table C-2.

Most HIC and head injury risk values were higher than those produced during frontal
impacts for both adult and child pedestrians, as shown in Figures A-4, A-6, A-7, B-4,
B-6 and B-7. This maybe a consequence of the interaction between the head and the
lower region of the windscreen and windscreen frame, which have different
stiffnesses, thicknesses and geometries, as shown in Figure 3-3. The responses show
agreement with the study by King (2018), which reported that the acceleration
response to impact depends on the stiffness and geometry of the head impact surface
[88]. They are also consistent with the study by Zhang et al. (2018), which, concluded
that the stiffness of the front-end structure directly influences the head’ acceleration
during the vehicle-pedestrian impacts and the HIC is higher when the structure’s is
higher [148].

During side impacts, the results emphasise that the HIC for the adult did not exceed
the head HIC =800 injury threshold between 5 and 40km/h. However, it exceeded the
injury threshold at 48km/h. While, the child exceeded the HIC = 700 threshold at
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impact velocities between 20 and 40km/h, as illustrated in Figure 3-6. These results
show that the HIC for the child is higher than the adult by an average increase of 100%.
In addition, the head injury risks to the child are greater than the adult by an average
72%, 82%, 70, 54% and 38% for moderate, serious, severe, critical and fatal head

injuries, respectively; as shown in Table C-3.

Therefore, the HIC and head injury risk for both adult and child pedestrians, produced
at the side impact position at the vehicle centreline were relatively low compared with
frontal and rear impacts, as shown in Figures 3-4 to 3-6, A-6 to A-8 and B-6 to B-8.
This is probably a result of the effective angles of rotation about the frontal edge of
the auto rickshaw, during frontal and rear impacts being lower than the side impacts,
as shown in Figures A-2 and B-2. This may produce head-vehicle contact force
variation during the variation in the pedestrian impact position. Even though, the
front-end of the auto rickshaw is different than four wheel passenger vehicles, the
results show a good agreement with the previous study by Simms and Wood (2005)
[200], which reported that the side impacts produced low impact loads when compared
to the frontal impacts at impact velocities of 18, 36 and 72km/h. This happens because
of the lower effective radius of rotation about the frontal vehicle-end in the front and

rear impact positions compared to the side position [200].
4.2.4.2 Head injury and risk level at primary impacts 42cm offset from the

vehicle’s centreline

During frontal impacts, the results show that the HIC exceeded the head injury
thresholds HIC15 =1000 and 700 for the adult and child at 25 and 10km/h respectively,
see Figure 3-7. Emphasising that the HIC for the child is greater than the adult by an
average of 77 % at impact velocities between 10 and 40km/h. In addition, the head

injury risks for the child is higher than the adult, as shown in Table C-4.

During rear impacts the adult head contacts occurred at 15-40 km/h, as presented in
Figure 3-8 emphasising that the HIC exceeded the threshold HIC15=1000 at 20 km/h
or higher, as illustrated in Figure 3-8. Child head contacts exceeded the HIC15=700
threshold between 10 and 40km/h, see Figure 3-8. These results emphasise that the
HIC of the child is higher than the adult by an average 46 %, at impact velocities
between 10 and 40km/h. Moreover, head injury risk for the child is greater than the
adult, see Table C-5.
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For the adult during side impacts, no HIC and head injury risks were produced at
impact velocities between 5km/h and 40km/h, due to no head contacts was produced,
see Figure 3-9. Child head impacts occurred at impact velocities between 15 to
40km/h, as shown in Figure 3-9. The results indicate that the HIC for the child
exceeded the threshold HIC:1s=700 at 15 km/h, as presented in Figure 3-9.
Additionally, child head injury risk is greater than the adult, as shown in Table C-6.
Although, side offset impacts are the safest scenario for adults, since no head impacts

occurred with vehicle components, they are unsafe for children.

Thus, the HIC and head injury risk for both adult and child pedestrians, produced at
the rear offset were relatively high compared with frontal and side impacts, as shown
in Figures 3-7 to 3-9, A-9, A-10 and B-9 to B-11. These results emphasising that rear
impacts at 42cm offset from the vehicle centreline are the most injurious scenarios,
because they produced the highest head accelerations. This is a consequence of the
interaction between adult and child pedestrian head contacting with the upper and
lower curved sharped corner of both windscreen and windscreen frame respectively,
having different stiffnesses, thicknesses and shape, as shown in Figure 3-3. The
findings are in good agreement with the study of King (2018), which commented that
the acceleration response to impact depends on the stiffness and the geometry of the
surface impacted by the head [88]. In addition, these results are in good agreement
with the previous studies of Jakobsson et al. [204], Muser et al. [205] and Linder et al.
[206], all of whom concluded that the stiff structures of cars are responsible for high
acceleration impulses and increasing risks of injury during primary impacts. Similarly,
the study by Zhang et al. (2018), concluded that the stiffness of the front-end structure
directly influences the head’s acceleration during the vehicle-pedestrian impacts.
When testing two head-forms for adult and child pedestrian impacts with a vehicle
bonnet (hood), greater the stiffness of the structure, the higher the HIC [148].

In summary, impact velocity is a key factor in head injury and injury risk for both
adults and children. These findings are in good agreement with many previous studies,
which conclude that the head injury risk during primary impacts increases with impact
velocity [57, 68, 149, 160-164, 175-180]. Therefore, HIC for both sizes increased
remarkably with the vehicle impact velocity at both vehicle contact regions and all
impact positions. Similarly, these responses show a good agreement with the study by

Khorasani-Zavareh et al. (2015), that the transferred energy, during impacts, can be
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increased with the vehicle impact velocity and produce harmful or fatal injuries [165].
Furthermore, a 6YO-child may sustain a serious or severe head injury at impact
velocities that are lower than an adult. These results in a good agreement with previous
studies, which concluded that size influences the injury risk [68, 69, 149, 166, 190,
191]. However, variation in the impact position and vehicle contact region showed
significant HIC and head injury risk variation when the results showed that the HIC
and head injury risk, produced during the rear offset scenario, are higher than other
impact scenarios for both sizes. These outcomes, are in agreement with the study by
Yao et al. (2007), demonstrate that the dynamic responses and injury outcomes, during
primary impact, are significantly influenced by the initial posture and the orientation
of a pedestrian. In addition, head impact injury risk to the child was influenced by the

vehicle shape and stiffness of the frontal end of the vehicle [57].

There is, however, a significant difference between the HIC and injury risk between
the 6YO-child and the adult. These findings are in agreement with the study of
Venkatason et al. (2014) [192]. This difference may arise because of the significant
differences between the material properties of the viscoelastic materials used to define
the skin material of the head for both adult and child dummies, as well as the bulk
modulus of the adult, which is 21 times greater than the child, 0.5 and 0.0236,
respectively. In addition, the rigid material that is used to define the skull material of
the adult head has a Young’s modulus that is three times greater than the child, 205
and 70, respectively. These differences mean that the adult’s head is stiffer than the
child’s, which might result in less kinetic energy being transferred during impact to
the adult head than child and could, in part, be associated with a lower predicted injury
risk compared to the child. Furthermore, the disproportionality between relative
aspects in terms of head mass, size, skin softness, elastic skull bones and neck support
structures may form the basis for the higher incidence of head injury [192, 193].
Compared to the adult’s head, these features make the head of the child less resistant

to impact trauma [192, 193].

4.2.5 Upper neck injury and injury risk level during primary impacts

This section discusses for the first time the upper neck injury and injury risk for

pedestrians impacted by the auto rickshaw considering the following parameters:

impact velocity, impact position, vehicle contact region and pedestrian size. In
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addition, (Nj;) was used to assess the upper neck injury risk for adult and pedestrians

during frontal impacts. While (Nkm) was only used for the adults in the rear impacts.
4.2.5.1 Upper neck injury and risk level during primary impacts at the vehicle’s

centreline

Pedestrian impacts at the centreline of the vehicle were assessed for frontal impacts by
the Neck Injury Criterion, Njj based on four different upper neck load cases, as shown
in Figures A-11 and B-12, calculated from the combination of axial force and bending
moment at the occipital condyle. Nijj is typically expressed in terms of the “worst-

case” axial force and bending moment produced during an impact.

For the adult pedestrian a relative motion occurred between the head and torso towards
the vehicle, which is due to frontal contacts between the headlamp and knees and the
mudguard and tibia at impact velocities between 5km/h and 10km/h. No head or chest-
vehicle impacts occurred. This pedestrian behaviour produced high compression and
extension loads of 0.13KN and 6.31KN.mm, respectively. Compression-extension
load case (Nce), therefore, represented the worst load case of Nj; with values 0.16 and
0.2 respectively, see Figure A-11. Increasing the impact velocity between 15 and
40km/h produced a high momentum transfer, which led to a significant head and torso
movement and chest and head contacts with the auto rickshaw components, as shown

in Figure 3-1 (a).

This behaviour influenced the upper neck loads, which produced high tension loads
between 1.5 and 4.37KN. The tension-extension load case (Nt), therefore, denotes
the maximum neck load, which represent the Nj; at impact velocities between 15 and
40 km/h, as demonstrated in Figure A-11. The impact velocity exceeded the upper
neck injury threshold Nj=1 at 25 km/h and greater, see Figures 3-10 and A-13. The
6YO-child demonstrated a relative motion between the head and torso towards the
vehicle, which is due to frontal impacts between the mudguard and lower leg and the
headlamp and upper leg at 5km/h. No head or chest-vehicle impacts occurred,
however, a high compression-extension load case (Nc) was produced, which
represented the worst Nij load case, as demonstrated in Figure B-12. Nce, corresponding
to a value of 0.38 with an associated 17%, 8%, 13% and 4% risk of moderate A1S2+,
serious AIS3+, severe AlS4+ and critical AIS5+ upper neck injury risks, respectively,

see Figure B-14.
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Increasing the vehicle impact velocities between 10 and 40km/h, produced a high
momentum and kinetic energy transfer, which significantly accelerated the child’s
body to contact with the vehicle. In this case, the sequence of the contacts, included
contact between the lower torso and the frontal headlamp and produced significant
head and torso movement towards the vehicle components, resulting in child head-
vehicle contacts, as shown in Figure 3-2 (a). This behaviour produced high tension
loads, of between 0.6 and 1.6KN, compared to compressions, which were between
0.16 and 0.6KN at impact velocities between 10 and 40km/h. The tension-extension
load case (Nt), therefore, represents the worst neck load, with Nj; between 10 and 40
km/h producing values between 0.90 and 2.93, see Figure B-12. The velocity at impact
exceeded the injury threshold Njj=1 between 15 and 40km/h, as shown in Figures 3-
10 and A-13. In addition, the responses indicate that the Njj for the child is higher than

the adult by an average 100 % at impact velocities between 10 and 40km/h.

Rear impact related neck injury risk for adult pedestrians at the vehicle centreline was
assessed by the Neck Injury Criterion, Nxm based on four different load conditions, as
shown in Figure A-12, calculated based on the combination of shear force and bending
moment at the occipital condyle. Mostly, the upper neck injury loads during the rear
impact at the centreline of the vehicle varied with impact velocity, as a result of head-
neck movement. Flexion-anterior (Nr) denotes the maximum load value of Nkm at 5
km/h of 0.35, which indicated a forward motion. Extension-posterior (Nep), indicated
a rearward motion at 10km/h, with a value of 1.29. However, the flexion-posterior
(Nfp) condition, indicates the forward motion was maximal at impact velocities
between 15 and 25 km/h, corresponding with values between 1.68 and 2.25. The
flexion-anterior (Nf) load condition indicated a forward motion at 30km/h,
corresponding to 2.47. Extension-posterior (Nep) load conditions produced the highest
risk upper neck load case, with a rearward motion at 32 km/h, corresponding to a value
of 2.99. Extension-posterior (Nep), was a rearward motion at impact velocities between
35 to 48 km/h, producing values from 4.65 to 5.94. Extension-anterior (Nea) Was
excluded from the upper neck injury evaluation, since, it was lower than the other
maximum load cases. Velocities between 10 km/h and 48 km/h exceeded the upper
neck injury threshold Nkm=1, as shown in Figure A-13, corresponding to an upper neck
injury risk including serious neck injury corresponding to an AIS3+, shown in Figure
A-15. However, the probability of moderate AIS2+ was 100% when an Nim of 5.94
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was produced at 48km/h. While, the probability for sustaining serious AIS3+ and
severe AIS4+ were almost 100% at an Nkm of 4.88 at 35km/h, as shown in Figure A-
15. A velocity of 5 km/h produced an Nkm 0of 0.35, which is less than the neck injury
threshold, but still represents a serious neck injury risk of 7.5%, as shown in Figures
A-13 and A-15. These responses could be established as a useful database for use by

vehicle designers in establishing a regulatory framework for the auto rickshaw.
4.2.5.2 Upper neck injury and risk level during primary impacts at 42cm from

the vehicle’s centreline

For the adult pedestrian, the simulations show that the pelvis impacted the frontal
offset edge of the auto rickshaw windscreen frame, during the frontal impacts at the
vehicle offset, at 5km/h, producing a relative head and torso movement towards the
vehicle. In addition, as a result of low momentum transfer with the adult pedestrian at
5km/h, the torso inclined slightly towards the vehicle windscreen and this resulted in

a superficial chest contact.

This behaviour produced a compression-extension load case (Nce) representing the
worst load case of Njj, corresponding to a value of 0.16 at 5 km/h, see Figure A-16.
High momentum and kinetic energy transfer was produced during adult pedestrian
primary impacts at velocities between 10 and 25km/h, compared to 5km/h, producing
Nj; values between 0.34 and 1.09. This can significantly influence the dynamic
response of an adult pedestrian impacted by the auto rickshaw and result in a potential
variation in the contact times for the adult-vehicle impacts. For example, the chest
contact time reduced from 66 to 16ms at impact velocities between 10 and 25km/h,
compared to 143ms at 5km/h, as shown in Figure A-22. This indicates that the adult
chest contacted the vehicle windscreen earlier when the impact velocity increased,
which means the adult torso and head accelerated more quickly towards the vehicle,
resulting in noticeable head-windscreen impacts, as shown in Figure 3-3.

In addition, this kinematic response significantly influenced the head and torso motion
and produced tension-extension loads (Nte) as the maximum neck load (Nij values) at
impact velocities between 10 and 25 km/h, as demonstrated in Figure A-16. Increasing
the vehicle impact velocities from 30 to 40km/h led to a change in the body region
contact sequence. For example, the first contact occurred between the pelvis and the

front offset edge of the windscreen frame, then the upper right leg and the right hand
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and arm impacted the front sheet plate. In addition, the chest impacted the windscreen
and the right knee impacted the front sheet plate. Finally, the head impacted the
windscreen, as shown in Figure 3-1 (b) and Table 3-3.

This kinematic response significantly influenced the upper neck load variation and
produced tension loads between 2.8 and 3.7 times greater than the compression loads,
at impact velocities between 30 and 40km/h, respectively. In addition, the flexion
bending moments were between 2.8 and 4.0 times greater than the extension bending
moments at impact velocities between 30 and 40km/h respectively. The tension-
flexion (Ny), therefore, was the maximum upper neck load at impact velocities
between 30km/h and 40km/h, producing an Nj; of between 1.20 and 1.44, as shown in
Figure A-16. The impact velocity exceeded the upper neck injury threshold Nj=1 at
impact velocities between 25km/h and 40km/h, see Figure 3-11. Whilst for the 6YO-
child, asymmetrical impacts at 42cm offset from the vehicle centreline produced a
significant body kinematic response, with a significant rotational movement about the
right-hand-side of the vehicle. In addition, the contact order was the head with the
windscreen and then chest and the right arm with the frontal offset edge, see Figure 3-
2 (b).

This behaviour significantly influenced the head and torso motion and therefore,
produced tension loads between 5.8 and 8.6 times greater than the compression loads
at impact velocities between 5 and 40km/h, respectively. In addition, flexion bending
moments were produced which were between 9.0 and 3.5 times greater than extension
bending moments at impact velocities between 5 and 40km/h, respectively. Thus, the
tension-flexion load case (Ni) represents the worst load case of Njj at impact velocities
between 5km/h and 40km/h, corresponding to values of 0.40 to 3.21, see Figure B-13.
The velocity of impact exceeds the injury threshold Nj=1 at 15km/h and higher, as
shown in Figures 3-11 and A-18. These results correspond to different injury risks of
upper neck injury from 17-86%, 8-96%, 13-98% and 4-51% of moderate AIS2+,
serious AIS3+, severe AlS4+ and critical AIS5+ injury risks, as shown in Figures B-
15. In addition, most Njj and upper neck injury risks for adults and children , produced
during the impact at 42cm offset from the vehicle centreline, are higher, compared to
those produced during the impact at the vehicle centreline, as shown in Figures A-14
and A-19. This might be a consequence of head impacts at the upper and lower curved

sharp region of the windscreen and other body regions contacting with the vehicle
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components, resulting in significant neck twisting during translation to the side of the
vehicle, see Figure 3-3. However, the results show that the Nij of the child is higher
than the adult by an average 100 % at impact velocities between 10 and 40km/h.

Offset rear impacts were assessed by Nxm, calculated based on the combination of shear
force and bending moments at the occipital condyle. In general, the upper neck injury
loads in the rear impact position at the vehicle offset varied with impact velocity
because of head-neck movement. The forward motion produced the greatest risk of
injury during impacts at velocities between 5 km/h and 20 km/h, with flexion-posterior
(Nfp) representing the worst risk of Nkm at 5 km/h, corresponding with a value of 0.4.
Flexion-anterior (Nf) at 10 km/h produced an Nxm of 0.84 and flexion-posterior (N#p)
was the maximum upper neck load, when the impact occurred at velocities between
15 and 20 km/h, corresponding with 1.25 and 1.52, respectively. However, the
extension-posterior (Nep) provided the greatest risk of neck injury from a rearward
motion at impact velocities between 25 and 48 km/h, corresponding with values from
2.23 10 5.60. Extension-anterior (Nea) was excluded from the neck injury assessment,
since, it was mainly lower than other upper neck load cases, as shown in Figure A-14.
So, these responses exceeded the upper neck injury threshold Nkm=1 between 15 km/h
and 48 km/h, as shown in Figure 3-6, producing different injury risk levels, including
serious neck injury AIS3+, as shown in Figure A-16.

In addition, the probability of moderate AIS2+ was 100% with an Nkm of 5.6 at
48km/h. The probability of sustaining serious AIS3+ and severe AlS4+ injuries were
100% when the Nkm was 4.32 at 30km/h, as shown in Figure A-16. The other neck
injury values at 5 and 10 km/h were less than the neck injury threshold, though still
represented injury risk, as shown in Figure A-16. Even when no head contact occurred
with the auto rickshaw at 5 and 10km/h, such as rear-centre impacts, high neck loading
occurred producing an Nkm 0f 0.35 at 5km/h, which is associated with a 17%, 8%, 12%
and 4% risk of moderate, serious, severe and critical upper neck injuries, respectively.
While, 1.29 at 10km/h corresponded with a 38%, 34%, 46% and 10% risk,

respectively, as shown in Figures 3-6 and A-16.

In summary, the, Njj and Nkm values for frontal impacts are considerable and increase
with impact velocity. In terms of injury risk, the risks of head and upper neck injury
for the 6YO-child are greater than the adult, thus a child may be seriously injured at

impact velocities below those expected to produce injury in the adult, see Tables C-7
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and C-8. These results are in good agreement with Liu and Yang (2003), who
concluded that size significantly influences the injury risk at each body region [161]
and Parr et al (2012), who commented that the variation in gender, neck strength, head
size, neck length and body mass all influence Nij [94]. Eppinger et al. (1999) [93] also
commented that a variation in neck ligament stress, neck circumferences and neck
length for adult and child might affect the injury severity. In addition, Nkm and injury
risk, during rear impacts, were higher than Njj and injury risk during frontal impacts at
both vehicle contact regions. The reasons for these responses is that Nxm calculations
depend on the instantaneous shear force, which is produced by the motion of the
pedestrian’s spine pushing the head forward and then pulling the head backwards, as
shown Figure 3-1. The shear force, Fx, produces a high upper neck injury risk when
compared to the axial force, F;, acting during frontal impacts. Shear force is also
associated with soft tissue injury to the intervertebral joints of the cervical spine, as
specified in previous studies [145, 181]. Therefore, front and rear impact positions
have a significant influence on upper neck injury and injury risk, while the vehicle
contact region does not have a significant influence on the Nj;, exceeding the injury
threshold at 25 km/h during frontal impacts (centreline and offset), as shown in Figures
A-13 and A-18. A possible explanation is that tension-extension (Nt) load cases may
have less of an effect when compared to other load cases on upper neck injury at low
impact velocities between 15 and 25km/h, as shown in Figures A-11 and A-16. The
vehicle contact region did effect rear impact Nkm, when it exceeded the threshold at 10
km/h and 15 km/h for the rear-centre and rear-offset impacts, respectively, as shown
in Figures A-13 and A-18, because they have different combination loads, which is
extension-posterior (Nep) and flexion-posterior (Nfp), as shown in Figures A-12 and A-
17. In addition, the present study found that the upper neck injury risks, produced at
the vehicle offset, are greater than those at the vehicle centreline. This might be a result
of asymmetric impacts resulting in significant rotational movements for both the adult
and child about the side of the vehicle.

Thus, the upper neck load cases and upper neck injury risk vary with impact velocity,
impact position, vehicle contact region and pedestrian size a result of variations in the
kinematic response, including the relative motion between the head and the torso.
These results are consistent with Barbani et al. (2014), who concluded that during

pedestrian impacts with motor vehicles that the neck is the most stressed body part
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(severe or moderate level), due to the relative motion between the head and the torso
[196]. In addition, even in the absence of head impact, upper neck injury can occur as
a consequence of the kinematic response of adult and child pedestrians, resulting in
head and neck accelerations. Moreover, upper neck injury Njj and Nkm risk will be
more prevalent than head injury. What constitutes a low risk (harmless) impact
velocity for upper neck injury will not be the same as a head injury, which means that
head injury is typically assessed for pedestrian -vehicle impacts rather than inertia.
However, neck injury is associated with head-neck movement, produced during the
kinematic response to an impact. These findings are in good agreement with Lapner
et al. (2003) [197] and McGeehan et al. (2006) [198], who concluded that the child’s
neck is easily injured.

Similarly, the results are in a good agreement with Elias et al. (2001) [199], who found
that even though during child impacts, dummy head and chest impact loads did not
exceed injury thresholds, neck injury Nij could exceed the injury threshold in the
majority of cases. These conclusions were established based on the analyses of the
crash tests data during the front and side impacts for a school bus to assess the
protective capability and injury mitigation for occupants during impact velocities
between 48 and 72km/h.

There is currently no supported injury criteria that specifically considers neck injuries
sustained during lateral impacts. One proposed solution to this issue is the multi-axial
neck injury criteria (MANIC), which also includes the effects of side acceleration on
the neck [131]. However, this injury criterion has not yet been approved so has no
injury tolerance limits. In addition, the crash dummies used in the current study do
not support the side neck injury calculations. Side impact related upper neck injury

has not been investigated and is, therefore, recommended for future study.

4.2.6 Chest contact locations during primary impacts

With regard to chest impact, throughout the vehicle-adult pedestrian impact
simulations in the frontal position, the most commonly impacted vehicle region was

the windscreen. Changes in vehicle contact region produced variation in the chest

impact contact location, see Figure A-21.
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4.2.7 Chest contact duration during primary impacts

This section discusses the chest contact duration for the adult pedestrian impacted by
the auto rickshaw in the frontal impact position at the vehicle centreline and 42cm
offset at impact velocities between 5 and 48km/h for the first time. Chest contact
duration, during frontal impacts, was investigated at different impact velocities at two
vehicle contact regions (centreline and offset), see Figure A-22. For front-centre
impacts, no chest-vehicle contact occurred at 5 km/h, a result of low momentum and
kinetic energy transfer at the low impact velocity. All interactions occurred between
the lower extremities and headlamp and mudguard. Chest contacts occurred when the
impact velocity increased, a consequence of high momentum transfer in the vehicle
direction and contact durations between 180ms and 30ms at impact velocities of
10km/h and 48km/h.

Front offset impacts produced chest contact durations between 143ms and 8ms at
impact velocities between 5 and 48km/h. Therefore, chest contact time decreased with
impact velocity, at both vehicle contact regions (centreline and offset). However, chest
contact durations, offset from the vehicle centreline were less than centreline impacts,
occurring earlier than the centreline impacts. An explanation is that the first impacts
occurred with the frontal edge of the vehicle. While the first impact at the vehicle
centreline was with the headlamp and the mudguard, this caused a delay to the chest
impact with the windscreen, due to variation in the contact orders of the body regions,
as shown in Table 3-1 and 3-3.

4.2.8 Chestinjury and injury risk level during primary impacts

Chest injury risk during frontal impacts is represented by the Combined Thoracic
Index (CTI), which is produced by considering the combination of the resultant spinal
cord linear acceleration and the mid-sternum chest deflection at the central point of the
chest. CTI is applied using the chest injury threshold, which is CTI =1, reported in
[93]. This represents a 25% risk of serious chest injury [92]. Impact velocity
significantly affects chest injury [167]. In addition, the stiffness of the frontal vehicle
structure has an influence on energy absorption and affects chest response
(deformation). This section discusses the chest injury and injury risk for the adult
pedestrian impacted by the auto rickshaw in the front impacts at impact velocities
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between 5 and 48km/h at two vehicle contact regions (centreline and offset) using CTI

for the first time.

For front-centre impacts, no chest contacts occurred at 5 km/h, however, contacts were
produced at 10 km/h. CTI increased from 0.26 at 10km/h to 1.72 at 48 km/h. The
response emphasises that CTI exceeded the chest injury threshold, CTI=1, at 35km/h
and greater, see Figure 3-12. Chest injury risk, including serious chest injury, at
35km/h increased and exceeded the serious injury risk threshold AIS3+ (25% of
serious injury AlS3+) by 24% with a CTI of 1.15, as shown in Figures A-23 and 3-12.
In addition, the chance of moderate AIS2+ and serious AIS3+ chest injuries were
100% and 98%, respectively, when CTI was 1.72 at 48km/h, as shown in Figure A-
23.

For the front-offset impacts, impact velocities between 5 and 48 km/h produced CTI
values between 0.04 and 1.45. Thus, indicating that CTI exceeds the threshold, CTI=1
at 40km/h and greater, as shown in Figure 3-12 and chest injury risk, including serious
chest injury AIS3+, increased and exceeded the serious injury risk threshold (25% of
AIS3+) by 10% at 40km/h, producing a CTI of 1.07, as shown in Figure A-24.
Increasing the impact velocity resulted in an increase in the resultant accelerations of
the spinal cord and significantly influences the CTI and chest injury risk. Hence, it
can be concluded that the CTI, produced during frontal impacts, increased with impact
velocity at both vehicle contact regions (centreline and offset), providing a robust
correlation between impact velocity and CTI during the primary impacts at both

vehicle contact regions.

These findings are in some agreement with the only current available study by
McNally and Rosenberg (2013), which investigated the risk of a 6YO-child during a
cycle accident in three impact positions (at the vehicle centreline and both vehicle
bumper corners) at impact velocities of 20, 30 and 40km/h. It was concluded that the
probability of a serious thoracic injury, based on CTI, significantly linearly increased
with impact velocity and increased the probability of sustaining a serious chest injury
[174]. In addition, the responses are consistent with the study by Hyeok Park et al.
(2016) [167], when investigating chest injury during unconstrained frontal impacts
between human and mobile robots using MADY MO, which concluded that the CTI
increased linearly with impact velocity at impact velocities between 1 and 5m/s.

However, vehicle contact region did effect CTI and chest injury risk, when the injury
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exceeded the threshold, CTI=1 at 35 km/h and 40 km/h for the front-centre and front-

offset impacts, see Figure 3-12.

The spinal cord accelerations, which ranged between 22 and 155g and the mid-sternum
chest deflection between 7 and 54mm, produced at the vehicle centreline, are higher
than those produced during the offset impact, which produced spinal cord accelerations

between 7 and 83g and mid-sternum chest deflections between 7 and 54mm.
4.3 Secondary impacts

Many variables of a pedestrian’s initial position and posture influence the post-
kinematic response and injury mechanics of real-world pedestrian-vehicle accidents.
The unique geometry of the auto-rickshaw induced many varied post impact postural
perturbations prior to secondary pedestrian - ground interactions. This section
describes, for the first time, the sequences of those post impact kinematic responses
for the adult pedestrian during the secondary impacts. The aim of this study is to
enhance the safety of pedestrians in urban areas by providing kinematic, injury and
injury risk data for subsequent application to the development of safety
countermeasures. Therefore, it was essential to understand the influence of the front
of the auto-rickshaw geometry on the pedestrian post-kinematic response during
secondary impacts. In this study a 50" percentile male Hybrid 111 model was integrated
with an auto-rickshaw finite element model and impact simulations run to produce
secondary pedestrian - ground contacts at a selected range of pre-impact velocities
between 10 and 40 km/h. The influence of the pedestrian’s impact position (front, rear
and side), during impact, was investigated at two vehicle contact regions (centreline

and offset), producing six simulated impact mechanisms.

4.3.1 Kinematic response during secondary impacts
4.3.1.1 Kinematic response during secondary impacts at the vehicle’s centreline

‘Secondary impacts’ describe a phase of a pedestrian — vehicle impact scenario when
the pedestrian is judged to pass from the primary impact phase to a ‘flying’ and or

‘falling phase’.

Related to front impact, the phase of secondary impact occurred between 162 and

105ms after the primary impact (post impact), at impact velocities between 15 and
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30km/h, which indicated that the flying phase had begun; that the adult pedestrian had
lost contact completely with the auto rickshaw and that both feet had left the ground.
Variation in the impact velocities produced a variation in momentum transfer, such
that the pedestrian was rotated about the vehicle side (left), see Figure 3-13. The
falling phase began between 300 and 540ms post impact at impact velocities between
15 and 30km/h and was observed to produce a rear head to ground impact between 15
and 20km/h. While, impact velocity at 30km/h produced a face to ground impact, as
shown in Figures 3-15 (a) and D-2.

For the rear impacts, a flying phase occurred when both feet left the ground between
280 and 100ms post impact at impact velocities between 10 and 30km/h. The falling
phase began at between 185 and 455ms at impact velocities between 10 and 30km/h

and produced face to ground impacts, as shown in Figures 3-13, 3-15 (a) and D-2.

During side impacts, the flying phase began between 185 and 90ms post impact at
impact velocities between 15 and 35km/h, which indicates that the increasing impact
velocity reduced the flying time, due to an increased momentum and kinetic energy
transfer during the primary impact. The landing phase began between 510 and 705ms
at impact velocities between 15 and 35km/h and produced a face to ground contact at
all impact velocities, as shown in Figures 3-13, 3-15 (a) and D-2. This behaviour may
be a result of the unique frontal design of the auto rickshaw and the associated impact
position and posture, which significantly influences the pedestrian kinematic response

as a result of changes to the position of the centre of gravity.

The responses show good agreement with Peng et al (2012), who investigated the
effects of pedestrian gait, vehicle-frontal geometry and impact velocity on the
kinematics of the adult and child pedestrian head. The study concluded that leg posture
had a significant influence on the dynamic response of the adult, resulting from a
change in position of the centre of gravity [151]. In addition, leg posture caused a
significant rotational movement to the adult pedestrian head, through more than 110,
135 and 180 degrees at impact velocities of 15, 30 and 35km/h, respectively, before
impacting the ground, see Figure 3-15 (a).

These findings are in good agreement with the study of Hamacher et al (2012), which
concluded that the pedestrian’s rotation is highly influenced by leg and arm posture
during the impacts between a pedestrian and a vehicle [72]. Thus, it can be concluded

that an increasing vehicle impact velocity increases the rotational angle of a pedestrian
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body and may significantly influence the pedestrian contact landing order. These
findings are in agreement with the study of Shi et al. (2018), which found that
increasing vehicle impact velocity increased the rotational angle of the pedestrian body

and was highly correlated with the pedestrian-ground landing mechanisms [176].

In addition, in most impact positions at the vehicle centreline, the landing patterns and
contact orders, between the adult body regions and the ground, varied with impact
velocity, see Figure D-2. Moreover, at most impact positions at the vehicle centreline,
the right and the left feet contacted with the ground, which produced a potential ankle
rotation. This might be as a result of the body mass being concentrated at the ankle
joints during the landing phase and might generate high contact forces because of the
effect of pedestrian posture. Therefore, the pedestrian might have a high potential for

severe right ankle injury.
4.3.1.2 Kinematic response during secondary impacts at 42cm offset from the

vehicle’s centreline

During frontal impacts, the phase of secondary impact occurred between 92 and 82ms
post impact at impact velocities between 20 and 30km/h, which indicated that the
flying phase had begun, that is, when both feet left the ground and the adult pedestrian
lost contact completely with the auto rickshaw. In addition, a significant body rotation,
about the vehicle side, occurred as a result of the asymmetric impacts, see Figure 3-
14. The falling phase began between 182 and 222ms post impact, at impact velocities
between 20 and 30km/h and was observed to produce no head to ground impacts, as
shown in Figures 3-15 (b) and D-4.

For the rear impacts, a flying phase began when both feet left the ground at between
33 and 22ms post impact at impact velocities between 15 and 30km/h. The falling
phase began between 130 and 312ms at impact velocities between 15 and 30km/h and
was observed to produce no head impacts at 15km/h. In addition, a rear head to ground
impact and face to ground contact was observed at 25 and 30km/h, as shown in Figure
D-4.

During the side-offset impact scenario, the flying phase began between 75 and 47ms

post impact at impact velocities between 15 and 40km/h. The falling phase occurred

between 272 and 345ms, producing rear head-ground impacts at impact velocities

between 15 and 35km/h. When the impact velocity increased to 40km/h, a significant
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adult pedestrian dynamic face to ground impact response was produced. During this
impact scenario, the sequence of landing patterns was similar to that produced by van
vehicles reported in the study of Crocetta et al. (2015) [70], which reported that the
most common impact mechanism for an adult pedestrian impacted by a van, firstly
produced pelvis or legs-ground impacts, followed by torso and the head impacts, see
Figures 3-14 and 3-15 (b).

In addition, for the impacts at 42cm offset from the vehicle’s centerline, the landing
patterns and contact orders between the adult body regions and the ground varied with
impact velocity, see Figure 3-15 (b). Moreover, in most cases, the sequence of
pedestrian-ground-contact was feet, knees, upper legs and pelvis. This occurred
because the rotation of the pedestrian’s body was inadequate to raise the pelvis and
torso above the head, before ground interactions occurred. The pelvis impacted with
the ground first, followed by the feet, knees and legs. The results are in a good
agreement with Otte and Pohlemann (2001) [54], who used a real pedestrian dummy
and impacted it with a car at 79km/h and reported that the body flew nearly at the
vehicle velocity, before colliding with the ground with the left knee first. However, in
the present study, direct head-ground contact only occurred in the side position at the
vehicle’s centerline, resulting from the significant rotational behaviour, which is
influenced by the walking position posture, as shown in Figure 3-13. This could be as
a result of increasing vehicle impact velocity, which leads to a post impact kinematic

response and pedestrian landing sequence change, see Figure 3-14.

Although the front-end of the auto rickshaw is different to the Sedan, Minicar, SUV,
MPV and One-box vehicle, the findings are in good agreement with the study of Shi
et al. (2018), which reported that increasing vehicle impact velocity increases the
pedestrian body rotational angle and is highly correlated with the pedestrian-ground
landing mechanisms [176]. It was previously established that the four-wheel vehicle
bumper impacts the lower legs, causing both feet to leave the ground. Additionally,
the leading edge strikes the upper legs and torso, after which the pedestrian’s body
rotates towards the bonnet (hood) (Tamura and Duma, 2011) [71]. The simulation
responses indicate that the frontal shape geometry of the three-wheeled vehicle result
in a very different post impact -kinematic response than that produced by four-wheeled

vehicles.
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A notable correlation was found between the initial conditions, such as impact
orientations, vehicle contact regions and vehicle impact velocity, pedestrian body
movement and rotation, which could lead to a significant change in pedestrian
kinematic movement. These findings are in good agreement with the study by Crocetta
et al. (2015) [70], which concluded that the changes in pedestrian posture during the
side impact position and changes in impact velocity influence pedestrian dynamic
response, which leads to different-ground contacts and landing mechanisms. In
addition, these findings are consistent with Kendall et al. (2006) [68], who concluded
that the vehicle impact velocity, pedestrian stances and impact orientation all influence

kinematic response and ground impact mechanisms.

4.3.2 Throw distance

Forward projection occurs when a relatively high-fronted vehicle geometry impacts a
pedestrian [155]. An auto rickshaw has a relatively high front-end geometry, thus, in
some cases, a significant throw distance can be expected. The throw distance can be
calculated from the kinematic response of the adult pedestrian during reconstruction
of different impact scenarios. Bhalla et al (2002) [53] reported that throw distance, a
combination of flying, falling and sliding distance, was directly affected by vehicle-
pedestrian geometry by almost 45%, when investigating three different vehicle types
(SUV, Mid and small size vehicles) impacted with different pedestrian sizes (50" and
95" adults male, 5" adult female and 6 and 9Y O-childern) at impact velocities between
20 and 60km/h. The influence of the auto rickshaw frontal geometry has not been
previously investigated. In this present study, therefore, throw distance was
investigated at two auto-rickshaw contact regions (centreline and offset) in three
different impact positions for the adult male pedestrian 50" (front, rear, and side) at a
range of impact velocities between 10 and 40km/h.

4.3.2.1 Throw distance at the vehicle’s centreline

For frontal impacts at the vehicle centreline, the range of the throw distances was
between 3.4 and 6.8m at an impact velocity of between 15 and 30km/h, the rear
position was produced 3.3 and 7.1m at between 10 and 30km/h and the side impact
between 3.7 and 8.0m at between 15 and 35km/h, see Figure 3-16. The throw distances
produced during side impacts was potentially higher than those produced at the other

positions, considering the total weight of the auto-rickshaw vehicle and the mass of
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the driver. Even though frontal geometry and mass are different for four-wheeled
vehicles, these results are consistent with other studies, which predict that velocities
of 25km/h might produce forward projection distances of almost 5m [71, 155]. This
is also in agreement with Fugger et al. (2002) [183] and Wood et al. (2005) [186],
who related the pedestrian projection distance estimated by numerical model to vehicle
impact velocity, proposing that the forward throw distance of the impacted pedestrian
would be in the range of 3-11m, at impact velocities of 25km/h. This may be as a
result of the vehicle’s unique frontal geometry, similar to box and van vehicles, which
cause high momentum transfer at the vehicle’s centerline. Consequently, the
pedestrian’s body was projected forward in the vehicle’s impact direction. These
results in good agreement with Hamacher et al. (2012), who reported high bonnet
leading edge (BLE) vehicles such as, one box produced a high throw distance [72] as
a result of high momentum transfer with high (BLE) vehicles compared to other

vehicles.

4.3.2.2 Throw distance at 42cm offset from the vehicle’s centreline

During impacts at 42cm offset from the vehicle centerline, for frontal impacts, the
throw distances between 1.7 and 2.9m, at 20 to 30km/h and rear impacts a range of
throw distances between 0.9 and 3.7m at impact velocities between 15 and 30km/h.
The side impact position throw distance range was between 2.1 and 5.0m at 15 to
40km/h. These results indicate that the throw distance produced at the vehicle’s
centerline was greater than that produced at the vehicle offset in all impact positions
(front, rear and side), as shown in Figure 3-17; as a result of high momentum and
energy transfer in the forward travel, with less body rotation to the vehicle side. Impact
at the vehicle offset, however, caused a significant rotation to the left-hand side of the
vehicle, due to impact asymmetry about the right and left hand side. Moreover, offset
impact orientations caused the pedestrian’s body to imbalance, producing a subsequent
rotation around the longitudinal axis because of the unique frontal design of the auto-

rickshaw.

To conclude, throw distance significantly increased with impact velocity at all impact
positions and both vehicle contact regions. These findings are in good agreement with
previous studies, which found that the throw distance increases with impact velocity

[53, 72, 160, 183-186]. However, throw distance produced at the vehicle centreline
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was greater than that produced at the offset, because no significant rotational
movement about the vehicle’s side was produced. Therefore, a robust relationship
between vehicle impact velocity and throw distance was established for all impact
cases. However, with respect to impact position, the vehicle contact region and contact
period had a significant influence on throw distance, which is consistent with the study
by Bhalla et al (2002), who concluded that a robust relationship can be seen between
the vehicle impact velocity and total throw distance. In addition, it was concluded that
pedestrian impact position influences throw distance by up to 28% [53]. Throw
distance is, however, also sensitive to other impact parameters, such as relative

pedestrian vehicle geometry and vehicle contact regions.
4.3.3 Comparison of the kinematic response of an adult pedestrian during

impact a Real-World accident with simulations

Accident reconstruction is a method for simulating the road accident environment and
conducting in-depth biomechanical engineering analyses for identifying the cause and
effect relationships of injurious scenarios. It is significantly useful in developing
recommendations for making roads and vehicles safer by resulting in improvements

to safety for all road users, including the vulnerable road users (VRUS).

In terms of pedestrian post-kinematic response, a real CCTV video of pedestrian-auto-
rickshaw impact to the rear-offset position was captured and a simulation conducted
of computational impacts at three different velocities; 15, 25 and 30km/h, considering
the vehicle’s impact velocity, total mass including (vehicle mass and passengers) and

exact vehicle impact region.

The post-kinematic response results show that during the primary impacts, the
sequence of the main interactions occurred between the lower torso and the front
leading edge and the head-windscreen/frame, as shown in Figure 3-1. The contact
time varied with impact velocity; increasing the impact velocity led to a significant
rotation to the vehicle side, as a result of a high momentum transfer produced during
the increasing impact velocities. During the secondary impacts, which began when
the pedestrian body loses contact with the vehicle, the adult pedestrian impacted the
ground with both feet, then landed on his knees at 15km/h, with no torso and head-
ground impacts occurring as a result of a low momentum transfer to the pedestrian

body, as shown in Figures 3-15 (b) and 3-18 (a). When the impact was simulated at
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25km/h, the pedestrian fall sequence with the ground was tibia, knee, arm, torso and
finally the head. In addition, sliding with a rotational movement to the body was
observed during the impact as a result of high momentum transfer during the impact
period, as a result of the influence of the impact at 42cm offset from the vehicle

centreline and the asymmetrical impacts, as shown in Figures 3-15 (b) and 3-18 (b).

During the impact at 30km/h, the sequence of landing was feet, knees, hand, legs and
finally head-ground contact, see Figure 3-18 (c). Therefore, the simulation results at
an impact velocity of 25km/h shows the greatest agreement with the Real-Accident
scenario, during both the primary and secondary phases, see Figure 3-18 (b) and (d).
As a result of an absence of real-accident relevant to pedestrian-auto rickshaw impacts.
The simulations can, therefore, be considered as a validation of the pedestrian-auto
rickshaw impact model, which is used in this study. In addition, the computational
results are very useful for predicting the likely impact velocity during a road accident,
for reconstructing the kinematics of road accident scenarios and to analyse the accident

factors and impact environment accurately to improve the safety in urban areas.

4.3.4 Head injury and injury risk level during secondary impacts

Head injury risk was evaluated during secondary impacts by using the head injury
criterion HIC1s. All HIC produced during different impact scenarios were converted
to Abbreviated Injury Scale (AIS) coding to assess the head injury severity risk. The
three impact positions were simulated at impact velocities at between 10 and 40km/h
at the vehicle centerline and offset.

4.34.1 Head injury and injury risk level during secondary impacts at the

vehicle’s centreline

For frontal impacts, following the impact direction of the pedestrian head with the
ground, rear-head-ground impacts occurred at 15 and 20km/h. While, the front-head-
ground impacts occurred at 30km/h, see Figure 3-19. HIC and injury risk levels were
significantly higher and fluctuated with impact, producing HIC values of 4277, 3426
and 3696 at 15, 20 and 30km/h, respectively. The results indicate that the HIC
exceeded the threshold HIC15=1000 at all impact velocities, even at the relatively low
impact velocities of 15 and 20km/h, see Figure D-1, and generated a 100% fatal head
injury risk, as shown in Table D-1.

187



Chapter 4. Discussion

For rear impacts, following the impact direction of the pedestrian head with the
ground, front-head-ground impacts occurred at impact velocities of 10, 15 and 30km/h,
see Figure 3-19. HIC values and injury risk levels were potentially high and fluctuated
with impact velocity, producing HIC values of 4382, 3839 and 5617 at 10, 15 and
30km/h, respectively. The results emphasise that the HIC exceeded the threshold
HIC15=1000 during all impact velocities, including a low impact velocity of 10km/h,
see Figure D-1, and generated 100% fatal head injury risk, as presented in Table D-1.

For side primary impacts, following the impact direction of the pedestrian head with
the ground, front-head-ground impacts occurred at impact velocities of 15, 30 and
35km/h, as shown in Figure 3-19. Therefore, the frontal head injury threshold of 1000
was applied, rather than the side impact threshold (800) during the secondary impacts.
HIC and injury risk levels were significantly greater and fluctuated with impact
velocity, producing HIC values of 227, 6126 and 1260 at 15, 25 and 35km/h,
respectively. The simulations show that the HIC exceeded the threshold HIC15=1000
with a significant injury risk level for all impact velocities, even at a low impact
velocity of 15km/h; see Figure D-1 and Table D-1.

4.3.4.2 Head injury and injury risk level during secondary impacts at 42cm offset

from the vehicle’s centreline

Frontal impacts, follow the impact direction of the pedestrian’s head with the ground
shown in Figure 3-20, no head contact occurred with the ground at impact velocities
of 20, 25 and 30km/h. A logical explanation is that significant body rotation to the
vehicle side as a result of asymmetry, produced a landing sequence of left foot, right

foot, right leg, pelvis and right elbow, see Figure 3-15 (b).

During impacts to the rear, following the impact direction of the pedestrian head with
the ground, no head-ground contact was observed at 15km/h, the adult pedestrian fell
on the ground on the knees, as demonstrated in Figure 3-20. When the impact velocity
increased to 25 and 30km/h, rear-head-ground and front-head-ground impacts
occurred, as demonstrated in Figure 3-20, producing HIC values of 1957 and 580,
respectively, as shown in Figure D-2. The results indicate that the HIC produced at
25km/h exceeded the threshold HIC15=1000 at 25km/h with a high head injury risk
probability, see Figure D-2 and Table D-2. However, the HIC produced at 30km/h
was below the threshold HIC15=1000, as shown in Figure D-2.

188



Chapter 4. Discussion

For side impacts, following the impact direction of the pedestrian head with the
ground, front-head-ground impacts occurred at impact velocities of 15, 20, 25, 30 and
35km/h, as shown in Figure 3-20, producing HIC values of 6861, 419, 7780, 2130 and
418, respectively, as shown in Figure D-2. While, the rear-head-ground impact
occurred at 40km/h, as illustrated in Figure 3-20, producing a HIC value of 5894, see
Figure D-2. Therefore, the head injury threshold of 1000, for front and rear impacts,
was applied instead of the 800 for the side impacts. The simulations emphasise that
the HIC and injury risks fluctuate with impact velocity and exceed the threshold
HIC15=1000 at 15, 25, 35 and 40km/h, as shown in Figure D-2, with almost a 100%
fatal head injury risk at impact velocities of 15, 25 and 40km/h, see Table D-2.

To summarise, HIC produced at all impact positions and both vehicle-contact regions
fluctuated with impact velocity. Head injury risk was associated with HIC and
produced high injury risk. Variation in the vehicle contact area, impact position and
impact velocity significantly influenced pedestrian landing patterns. These outcomes
are in a good agreement with Gupta and Yang (2013), who concluded that the landing
injuries are significantly varied with vehicle contact location during front of vehicle
impacts at the vehicle centreline and at the bumper corner. The study examined three
pedestrian sizes, 5", 50" adults and 6YO-child, impacted by two frontal vehicle
geometries, mid-size vehicle and SUV, at impact velocities of 30 and 40km/h [182].
The current study determined that HIC and injury risk varied with impact velocity,
vehicle contact region and impact position. Inaddition, there was no robust correlation
between HIC and impact velocity, which is in good agreement with previous studies
[68, 156, 176, 182], which concluded that there was no obvious correlation observed
between pedestrian HIC-ground and impact velocity. Moreover, the present study
concluded that the HIC was influenced by landing patterns, which is in a good
agreement with Shi et al (2018), who concluded that the head injury risk was
influenced by pedestrian body landing order [176]. The study was investigating four
pedestrian sizes, 50", 95 of adult male pedestrians, 5" adult female 10YO-child
pedestrian impacted by five different frontal vehicle ends, Sedan, minicar, SUV, MPV

and one box at impact velocity of 30 and 40km/h in the side impact position.
4.3.5 Upper neck injury and injury risk level during secondary impacts
Upper neck injury values and risk levels were investigated for the front, rear and side

impacts at both vehicle contact regions (centreline and offset).
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4.3.5.1 Upper neck injury and injury risk level during secondary impacts at the

vehicle’s centreline

The front, secondary impact related neck injury, following the impact direction of the
pedestrian head with the ground, resulted from the kinematic response and body
rotation during different impact velocities. No significant Nj; value was produced at
an impact velocity of 15 and 20km/h, because the pedestrian impacted the ground via
back-face-contact, see Figure 3-19. However, the extension-posterior (Nep) load with
rearward motion produced Nkm values corresponding to 1.78 and 4.49 at 15 and
20km/h, respectively, as shown in Figure D-3 and Table 3-6. In the neck injury load
cases, flexion-anterior (Nr.), flexion-posterior (Nfp) and extension-anterior (Nea) were
excluded from the upper neck injury assessment. Since, their values were lower than
the maximum load (Nep), see Figure D-3. This indicates that the upper neck injury
values exceeded the threshold Nkm=1 at 15km/h, as shown in Table 3-6 and were
associated with a 52% risk of AlIS2+, 57% of AIS3+ and approximately 70% of AlS4+
and 16% of AIS5+, see Figure D-4. However, the upper neck injury risks were
significantly greater at 20km/h, producing a 97% risk of AlIS2+, nearly 100% of AIS3+
and AIS4+ and 83% of AIS5+, as shown in Figure D-6. When the impact velocity
increased to 30km/h, the kinematic response changed, producing face-to-ground
contact as shown in Figure 3-19, and compression-flexion (Ncf) load producing an Nj;

value corresponding to 0.7.

Compression-extension (Nce), tension-extension (Nt) and tension-flexion (Ni) upper
neck loads were excluded from the upper neck injury valuation, since their values were
lower than the worst load case (Ncf), as demonstrated in Figure D-3. The upper neck
injury value was below the threshold Njj=1 and produced upper neck injury risks lower
than those produced by Nkm at 15 and 20km/h, see Table 3-6 and Figure D-6.

Rear secondary impacts, following the impact direction of the pedestrian head with the
ground, resulted from different landing patterns caused by an increasing impact
velocity. No Nkm values were produced at impact velocities between 10 and 30km/h,
because the pedestrian impacted the ground with the face, as illustrated in Figure 3-
19. Therefore, compression-extension (Nce) load case of Njj between 1.98 and 1.23
were produced at impact velocities between 10 and 30km/h, respectively, as

demonstrated in Figure D-4 and Table 3-6. Upper neck injury loads for tension-
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extension (Nt), tension-flexion (N) and compression-flexion (N¢f) were excluded, see
Figure D-4. These values, indicate that Njj values exceeded the threshold Nj; =1 at 10
km/h and greater, as presented in Table 3-6, equivalent to 58% risk of AIS2+, 66% of
AIS3+, 77% of AlS4+ and 19% of AIS5+, see Figure D-7.

During side impacts, following the impact direction of the pedestrian head with the
ground, secondary impacts produced compression-extension (Nce) values, catagorised
as a worst load case Njj values of 1.26 and 2.47 at impact velocities between 15 and 35
km/h, as shown in Figure D-5 and Table 3-6. For the upper neck loads, compression-
flexion (Ncf), tension-extension (Ni) and tension-flexion (Ni) were excluded, as
illustrated in Figure D-5. These values indicate that Nj; exceeded the threshold Nij =1
at 15 km/h, as shown in Table 3-6 and correspond to a 37% risk of AlS2+, 32% of
AIS3+, 45% of AlS4+ and 9% of AIS5+, see Figure D-8.

4.3.5.2 Upper neck injury and injury risk level during secondary impacts at

42cm offset from the vehicle’s centreline

During the front secondary impacts, no Njj and injury risk to the front and rear of the
neck, Nij and Nkm, were produced at all impact velocities between 20 and 30km/h,
since, the neck movement tended to move in to the side, as shown in Figure 3-20.

During rear offset secondary impacts, no head-ground impact occurred at 15km/h due
to the pedestrian's knees first contacting with the ground, see Figure 3-20. However,
even though no head-ground contacts occurred at 15km/h, flexion-posterior (Nsp) load
characterised the worst-case risk (Nkm) of 1.10 at 15km/h, a consequence of the
pedestrian body forward motion, which corresponds to a 32% risk of AlS2+, 26% of
AIS3+, 37% of AlS4+ and 8% of AIS5+, see Figure D-11. Meanwhile, the extension-
anterior load was the maximum load condition (Nea) at 25 km/h with a value of 2.02,
which is associated with a rearward motion, as shown in Figure D-9 and Table 3-7.
Moreover, both (Nfp) and (Nea) produced at 15 and 25km/h exceeded the threshold
Nkm=1 even with no head-ground contact at the low impact velocity of 15km/h, see
Figure D-11 and Table 3-7. When the impact velocity increased to 30km/h, the
kinematic response changed, resulting in an increased whole pedestrian body
acceleration, producing different body-ground contact orders and times, as presented
in Figure 3-15 (b). A significant head-ground impact direction changed the orientation

to face to ground, see Figure 3-20. A compression-flexion (N¢f) load was produced,
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which signifies that the Njj produced with a value of 0.5, was below the threshold

Nij=1; as demonstrated in Figure D-9 and Table 3-7.

The side secondary impact, following the impact direction of the pedestrian head with
the ground, presented in Figure 3-20, resulted from a rear-ground impact. Extension-
posterior (Nep), with a rearward motion, was produced during most impact velocities,
with values of 3.5, 2.0, 4.5 and 3.2 at 15, 20, 25 and 35km/h, respectively, as illustrated
in Figure D-10 and Table 3-7. Nevertheless, extension-anterior (Nea) with forward
motion produced an Nkm value of 4.08 at 30km/h. Two upper neck loads were omitted
from the upper neck injury assessment, flexion-anterior (Nf.) and flexion-posterior
(Nfp), see Figure D-10 and Table 3-7. A face to ground impact occurred at 40km/h,
producing a Njj of 0.78, which represents tension-extension (Nt), as shown in Figure
D-10 and Table 3-7. Even with a high impact velocity the Nj; was below the threshold
Nij=1, as shown in Table 3-7 and was associated with low upper neck injury risk, see
Figure D-12. Meanwhile, Nxm exceeded the threshold Nkm =1 at 15 km/h and produced
an 89% risk of AlS2+, 97% serious injury AlS3+, 98% of AlIS4+ and 59% of AIS5+,

as shown in Figure D-12.

Although, this study shows that the upper neck injury risk is correlated with Njj and
Nm, there was no robust correlation between the upper neck injury values and vehicle
impact velocity. During secondary impact, both Nj; and Nkm depends on the head-
ground direction and head-neck movement. Secondary impact was influenced by the
post-kinematic response, specifically the landing patterns, which were influenced by
factors such as impact velocity, impact position and vehicle contact region, which led
to upper neck load variations. In addition, the upper neck injury risk, produced from
the ground contacts, was significant even at the low impact velocity of 10km/h,

indicating that upper neck injury values including Nj; and Nkm Were quite sensitive.

4.3.6 Chestinjury and injury risk level during secondary impacts

Combined Thoracic Index (CTI) was used to assess chest injury and risk level during
frontal impacts at both vehicle contact regions (centreline and offset) during secondary

impacts.
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4.3.6.1 Chest injury and injury risk level during secondary impacts at the

vehicle’s centreline

During frontal secondary impacts, following the impact direction of the pedestrian
frontal chest with the ground, no front chest-ground contacts were observed at 15 and
20km/h. This may be a result of the significant rotation of the pedestrian body about
the frontal geometry of the auto rickshaw, the adult pedestrian body impacting the
ground at the pelvis, left shoulder and torso, see Figures 3-15 (a) and 3-20. When the
impact velocity increased to 30km/h, the pedestrian’s body accelerated with high
forward velocity in the vehicle impact direction. The adult pedestrian impacted the
ground with the left foot and right knee between 500 and 675ms post impact, see
Figures 3-13 and 3-20, corresponding to a CTI of 0.7, which is below the CTI=1
threshold, see Table 3-8, which predicates a 34% risk of Al1S2+, 3.8% of AIS3+, 0.75%
of AIS4+ and 0.01% of AIS5+, as illustrated in Figure D-13.

For rear secondary impacts, following the impact direction of the pedestrian frontal
chest with the ground, front chest-ground contacts were observed at all impact
velocities, as a result of a change in the impact direction, as demonstrated in see Figure
3-19. The CTI fluctuated between 0.46 and 0.41 at impact velocities between 10 and
30km/h, as shown in Table 3-8. All CTI values were below the threshold CTI=1, see
Table 3-8 and indicate different injury risk levels. However, the maximum CTI of
0.74 at 15km/h corresponds to a 40% risk of AlIS2+, 5% of AIS3+, 1% of AlS4+ and
0.01% of AIS5+, as illustrated in Figure D-14.

For secondary side impacts, following the impact direction of the pedestrian frontal
chest with the ground, even though the initial impact position was to the side, front
chest-ground contacts were produced at all impact velocities, as shown in Figure 3-19.
Variation in the landing patterns, were observed at different impact velocities, as
presented in Figure 3-15(a). The CTI varied from 0.46 to 0.25 at impact velocities
between 15 and 35km/h, as shown in Table 3-8. None of the CTI exceeded the chest
injury threshold CTI=1, see Table 3-8. However, the maximum CT1 of 0.57 at 30km/h
indicates 19% risk of A1S2+, 1.5% of AIS3+, 0.3% of AIS4+ and 0% of AIS5+, as
shown in Figure D-15.
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4.3.6.2 Chest injury and injury risk level during secondary impacts at 42cm

offset from the vehicle’s centreline

Front secondary impacts follow the impact direction of the pedestrian frontal chest
with the ground. No front chest-ground contacts occurred, as shown in Figure 3-20,
as a result of the asymmetric impact at the vehicle offset, which produced a significant
kinematic response and body rotation to the left side of the vehicle. Moreover, it also
introduced a clear imbalance in the post-kinematic response, compared to that at the
vehicle’s centerline. The torso, femur and tibia contacted with the ground, rather than
the head and chest, at all impact velocities between 20 and 30km/h, as shown Figure
3-15 (b).

Rear secondary impacts follow the impact direction of the pedestrian frontal chest with
the ground. No chest-ground contacts occurred at 15 and 25km/h, see Figure 3-15,
thus, no CTI, as shown in Table 3-9. Therefore, there was no chest injury risk
associated with the different body-ground contact orders, as shown in Figure 3-15 (b).
When the impact velocity increased to 30km/h, a significant impact force was
generated, which accelerated the whole body and changed the impact direction,
producing front chest-ground contact, see Figure 3-20. The measured CTI was 0.18
at 30km/h, which is below the threshold CTI=1, as shown in Table 3-9. The results
indicate a 2% risk of AlIS2+, 0.09% of A1S3+, 0.02% of AIS4+ and 0% of AIS5+, see
Figure D-16.

Side secondary impacts follow the impact direction of the pedestrian’s frontal chest
with the ground. No chest-ground contacts occurred at impact velocities between 15
and 35km/h, with no CTI resulting from the different kinematic response and landing
patterns, see Figures 3-20 and 3-15 (b). When the impact velocity increased to
40km/h, a significant impact force was generated. This accelerated and unbalanced
the whole body, changing the kinematic response and impact direction and producing
a front chest-ground contact, as illustrated in Figure 3-20, with a CTI of 0.18, which
is below the threshold CTI=1, as demonstrated in Table 3-9. The results indicate a 2%
risk of AlS2+, 0.09% of AIS3+, 0.02% of AlS4+ and 0% of AIS5, as shown in Figure
D-17.

Therefore, all CTI produced during the secondary impacts varied with impact velocity

and depended on the pedestrian’s landing patterns and impact direction with the
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ground. No robust relationship could be established between CTI and impact velocity
during the secondary impacts, CTI and chest injury risk during the secondary impacts

are sensitive.
4.4 The sensitivity of the model contact parameters.

The results of the sensitivity analysis for the contact parameters have been reported,
based on the friction coefficient variation between the adult pedestrian-vehicle and the
pedestrian feet-ground/ the vehicle's tyre-ground. The analysis includes the kinematic

response and associated head injury risk during primary and secondary impacts.
4.4.1 Primary impacts

In general, results for the original impact scenario show that offset impact scenarios
produced a significant rotation to the vehicle right side, when the friction coefficient
between the vehicle's tyre-ground/pedestrian shoes-ground was 0.7 and the friction
coefficient between the pedestrian-vehicle was 0.65, see Figure 3-21 (a). In addition,
the results show that the rear offset impact scenario is the worst case scenario,
producing the most injurious impact scenario during primary impacts. This section
will discuss the kinematic response and head injury risk during primary impacts

considering the variation in friction coefficients.
4.4.1.1 Kinematic response

Noticeably, rear offset impact scenarios produced a significant body rotation, owing
to the interaction between the frontal leading edge of the vehicle and the lower torso
during all impact scenarios, as shown in Figure 3-21 and, therefore, no significant
kinematic response change was observed during the variation in friction coefficients

during primary impacts.
4.4.1.2 Head injury

The results show that variation only in the friction coefficient is relevant to contact
between pedestrian and vehicle 0.30 and 0,75, for the first and second impact scenarios
instead of 0.65 for the original impact scenario could cause a slight HIC value
reduction, see Table 3-10. Whilst, the variations in other friction coefficients relevant
to the contact between pedestrian shoes and ground and vehicle tyre and ground could

result in HIC fluctuation, see Table 3-10. Thus, the variation in friction coefficients
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for the current study contact model has no significant influence on a head injury during

primary impacts.
4.4.2 Secondary impacts
4.4.2.1 Kinematic response

In general, the results show that the variation in friction coefficients still produces a
significant pedestrian body rotation to the right side of the vehicle. In addition, similar
frictional coefficients for contacts between the pedestrian and the vehicle result in a
similar kinematic response, see Figure 3-21 (a, d and e); (b and f) and (c and g).
Moreover, using the same frictional coefficient value (0.65), for contacts between the
pedestrian and vehicle produce similar kinematic responses to the original impact
simulation with head-ground contacts, see Figure 3-21 (a), (d) and (e). Even though
the variation in both frictional coefficients relevant to the vehicle and ground results
in no head-ground contacts., these impact scenarios produced variation in the
kinematic response, body-ground contact orders and the interaction time, see Figure
3-21.

4.4.2.2 Head injury

During rear offset impacts, the head-ground impacts occurred only in three different
impact scenarios, the original, the third and the fourth scenarios only when the friction
coefficient was defined as 0.65 and produced face to ground contacts with HIC value
of 580, which is below the threshold, (HIC=1000), see Figure 3-21 (a), (d), (e) and
Table 3-11. Therefore, there was no influence on HIC during all impact scenarios

when the pedestrian’s head contacted the ground, see Table 3-11.

To conclude, the sensitivity analysis for the friction coefficient relevant to the contacts
shows that a variation in frictional coefficient has no significant influence on the
kinematic response and head injury risk for the adult pedestrian during primary
impacts. Whilst, it is only has a significant influence on the kinematic response, body-

ground contact orders and contact time during secondary impacts.
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4.5 Comparison between primary and secondary impacts for adult

pedestrian.

This section compares the injury criteria and injury risk of the adult pedestrian
subjected to both primary vehicle impacts and secondary ground contacts and
associated head, upper neck and chest injuries and risks, using HIC, Nij, Nkm and CTI
at both vehicle contact regions (centreline and offset) in three impact position, front,
rear and side. The main purpose of this comparison was to investigate which impacts
have a potential influence on the injury risk severity and could cause a fatal injury. In
addition, comparing the influence of the impact velocity on the injury risk produced
by primary and secondary impacts during all impact position and vehicle contact
regions. This will assist in the preparation of, for the first time, a database for
engineering, local governments, manufacturers and decision makers to establish
effective strategies or regulations for reducing the driving speed in the urban areas or

recommendations for successful active or passive safety countermeasures.

4.5.1 Head injury and injury risk level during primary and secondary impacts

Head injury criterion and injury risk level for the adult pedestrian caused by primary

and secondary impacts were compared to assess injury severity and risk.
4.5.1.1 Head injury and injury risk level during primary and secondary impacts

at the vehicle’s centreline

During front primary impacts, there was a significant increase in HIC between 318 and
1307 at impact velocities from 15 to 30km/h. The responses show that HIC increased
significantly with impact velocity and exceeded the threshold HIC15=1000 at 30 km/h,
as demonstrated in Figure 3-21, which corresponds with 98% risk of AlIS2+, 88 % of
AIS3+, 40% of AlS4+, 9% of AIS5 and 2% of fatal head injury AlS6+, see Figure E-
1. Front secondary impacts produced HIC between 4277 and 3696 at impact velocities
between 15 and 30 km/h. HIC fluctuated with impact velocity and exceeded the
threshold HIC15 =1000 at 15 km/h and greater, see Figure 3-21 and indicates almost a
100% risk of fatal head injury, as demonstrated in Figure E-1. Therefore, all HIC and
injury risk, produced by the secondary impacts in the front impact position, were

higher than during primary impacts.
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During rear primary impact scenarios, no head contact was observed at 10km/h, which
resulted from the pedestrian’s body sliding on the frontal shape of the vehicle with a
body-back contact with the vehicle’s components. When the vehicle impact velocity
increased, the measured HIC were between 309 and 1244 at impact velocities of 15
and 30 km/h, respectively. The HIC increased very significantly with impact velocity
and exceeded the threshold HIC15=1000 at 30km/h, as shown in Figure 3-22, and
produced 97% risk of AlIS2+, 75% of AIS3+, 34% of AlS4+, 7% of AIS5+ and 0.5%
of fatal head injury AIS6+, as presented in Figure E-2. During rear secondary impacts,
the HIC fluctuated between 4382 and 5617 at impact velocities between 10 and 30
km/h, indicating that HIC exceeded the threshold HIC15=1000 at 10 km/h and greater,
see Figure 3-22 and a 100% fatal head injury, as illustrated in Figure E-2. Thus, all
HIC and injury risk produced by the secondary impacts during rear impacts were

greater than the primary impacts.

The side primary impacts were simulated between 15 and 35km/h. No head-vehicle
interaction occurred at a low impact velocity of 15km/h, however, HIC increased from
95 to 597 at 30km/h and 35km/h, respectively, which indicates a significant increase
with impact velocity. HIC, however, did not exceed the threshold HIC =800, see
Figure 3-23. HIC at 35km/h indicates a different injury risk level of 52 % of AIS2+,
18% of AIS3+, 5% of AlS4+, 0.37% of AIS5+ and 0.01% of fatal head injury, as
shown in Figure E-3. Inaddition, HIC and head injury risk were significantly less than

those produced during the front and rear primary impacts at 30km/h.

This might be a consequence of the fact that the majority of the kinetic energy and
momentum was transferred during contact with the vehicle’s components at the knees,
hands, arms and then finally the head. In addition, the posture of the legs and hands,
during the impacts, have a significant influence on changing the centre of gravity and
affecting the kinematic response. The simulations are consistent with Peng et al (2012)
[151], who stated that the change in gait changed the position of the centre of gravity.
In addition, the effective angle of rotation about the frontal edge of the auto rickshaw
sheet plate in the side impact was greater than for frontal and rear impacts, which might
significantly influence impact loads, as shown in Figure A-2. Even though, the frontal
geometry of the auto rickshaw is different to passenger vehicles, the results show a
good agreement with the study of Simms and Wood (2006), which found that side

impacts produce low impact loads compared to the frontal and rear impacts. This
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might be a result of the lower effective radius of rotation about the vehicle front, during

front and rear impact positions compared to the side position [55].

For the side secondary impacts, the measured HIC fluctuated between 2274 and 1260
at impact velocities between 15 and 35 km/h, which indicates no robust correlation
between HIC and impact velocity. The influence of body rotation between 90 to 180
degrees about the Y-axis resulted in the pedestrian’s face impacting with the ground.
Two injury thresholds were used to assess the head injury risk, HIC=800 for the side
impacts and HIC15=1000 for front impacts, as shown in Figure 3-23. HIC exceeded
the thresholds at 15 km/h and greater and indicate a 100 % risk of AIS2 and AIS3+,
95% of AIS4+, 86% of AIS5+ and 63 % of AIS6+ fatal injury, see Figure E-3. In
addition, all HIC and injury risk, produced by the secondary impacts in the side impact
position, were higher than that produced during primary impacts. This might be a
consequence of the fact that a concentrating direct impact force was produced at the
pedestrian’s head during the side impacts and moreover, the frequency of head-ground
impact order being less than the front and rear impacts and the head moving downward
toward the ground with less body region-ground contacts, as shown in Figures 3-13
and 3-15 (a). The simulations are in good agreement with Shi et al (2018), who

concluded that a head-first landing may produce a greater head injury risk [176].

Therefore, HIC and head injury risk, produced by the secondary impacts, were greater
than those produced during primary impacts when adult pedestrian-auto rickshaw

impacts occurred at the vehicle’s centerline.
4.5.1.2 Head injury and injury risk level during primary and secondary impacts

at 42cm offset from the vehicle’s centreline

In relation to the front primary impacts, the measured HIC increased significantly
between 690 and 2215, at impact velocities between 20 and 30km/h. These responses
indicate that HIC increased with impact velocity and exceeded the threshold
HIC15=1000 at 25 km/h and higher, as presented in Figure 3-24 and produced an 98%
risk of AlIS2+, 82% of AIS3+, 44% of AlS4+, 11% AIS5+ and 1% of fatal head injury
probability, see Figure E-4. For front secondary impacts, no head-ground contact was
observed during the secondary impacts at all velocities between 20 and 30km/h, as
shown in Figure 3-24. This is a result of significant pedestrian rotation about the

vehicle’s right-hand side, which produced unbalanced movement and lower torso and
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leg contacts with the ground, without head contact. Therefore, no HIC and head injury

risks were observed during the secondary impacts associated with this impact position.

In relation to the rear primary impacts, the HIC increased noticeably between 289 and
4259 at impact velocities between 15 and 30km/h. The simulations show that HIC
increased with impact velocity and exceeded the threshold HIC15=1000 at 25 km/h and
greater, as shown in Figure 3-25, which is associated with a 100% risk of AIS2+,
AIS3+ and AlS4+, and 98% of AIS5+ and 96% corresponding to fatal head injury, see
Figure E-5. In addition, they indicate that the HIC and head injury risk produced at
front and rear primary impact positions at the vehicle offset, were significantly greater
than those at the vehicle’s centerline during primary impacts. This is caused by the
impact with the vehicle windscreen and windscreen frame, which could be considered
to be the stiffest and most injurious vehicle components (Roudsari et al., 2005) [67].
For the rear secondary impact, no head-ground contact occurred at 15km/h, because
the pedestrian contacted the ground with the knees. Therefore, there were no HIC
values or head injury risks produced, as shown in Figures 3-25 and E-5. Impact
velocities of 25 and 30km/h produced HIC values of 1957 and 580, respectively.
Indicating that no robust correlation could be established between HIC and impact
velocity during the secondary impact. Moreover, that HIC exceeded the threshold
HIC15=1000 only at 25 km/h, as shown in Figure 3-25 and is associated with a 100%
risk of A1S2+, 98% of AIS3+, 86% of AlS4+, 61% of AIS5+ and 22 % of fatal head
injury, see Figure E-5. However, HIC and head injury risk were less than those
measured during primary impacts, perhaps as a consequence of different landing
orders at different impact velocities, which led to different body regions contacting
with the ground, absorbing the impact force and decelerating the head.

Side primary impact were simulated between 10 and 40km/h and no head contact
occurred, due to asymmetry about the right and the left-hand side of the dummy. This
produced a significant post-kinematic rotation for the adult pedestrian. For the side
secondary impacts, HIC changed from 6861 and 5894 at impact velocities of 15 and
40 km/h, see Figure 3-26. The simulations establish no robust correlation between
HIC and impact velocity. Body rotation produced a loss of pedestrian balance and
contact with the right-hand side of the vehicle, resulting from the impact at the vehicle
offset. The pedestrian’s head impacted with the ground in different directions as a

result of variation in vehicle impact velocity, such as back-face-ground contacts were
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produced between 15 and 35km/h and face-ground contacts at 40km/h. Therefore, two
head injury thresholds were used to analyse the secondary impacts HIC=800 for the
side impacts and HIC15=1000 for frontal and rear impacts. These values indicate that
HIC exceeded the thresholds at 15 km/h and greater, except at 20 and 35km/h, as
shown in Figure 3-26, which specifies a 100% risk of fatal head injury, see Figure E-
6. This impact position could be the safest impact scenario compared with other
positions at both the vehicle’s centerline and offset during the primary impacts.

However, it produces a 100% risk of fatal head injury during secondary impacts.

In summary, during primary impacts, HIC dependably increased with vehicle impact
velocity, suggesting that the HIC was linearly associated with vehicle impact velocity
and high linear accelerations and energy and momentum transfer. This finding is
consistent with previous studies, which concluded that the HIC increased with impact
velocity during primary impacts [68, 149, 160, 163, 164, 175-181]. It can be
concluded that impact at 42cm offset from the vehicle’s centerline, such as the rear-
offset impact position, could cause high head injury severity, due to contact with the
corner of both the windscreen and windscreen frame. The side-offset position was the
safest impact scenario, since no head impact occurred with the vehicle components.
Even a low impact velocity at 10km/h caused high injury severity and exceeded the
head injury threshold HIC15=1000, which predicts that depressed skull fracture might
occur [78]. In addition, during the primary impacts, the safest impact scenario could
change to a fatal and injurious impact scenario during the secondary impacts with
100% risk of a fatal head injury. There was no robust relationship established between
HIC and impact velocity during secondary impacts, which is consistent with previous
studies [68, 156, 176, 182], which concluded that there was no obvious correlation
observed between pedestrian HIC-ground and impact velocity. However, different
landing patterns and significant body rotation, caused by impact velocity variation, led
to a remarkable change in the direction of the contact with the ground and caused
noticeable HIC and head injury risk variations. These reasons led to head deceleration
caused by lower extremities and torso landing cushioning the head-to-ground
interactions. And is in good agreement with Shi et al (2018), who concluded that no
obvious correlation existed between the HIC and impact velocity during secondary
impacts. These results were collected from an investigation of pedestrian-vehicle

impacts for four different pedestrian sizes (50" and 95" males, 5™ female 10YO-child
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pedestrians), six gait percentages (from 10 to 9%) and five distinct vehicle types at
impact velocities between (20 and 60km/h) [176]. Additionally, in the present study,
most cases, produced HIC values from ground contacts which were significantly
higher than those produced during primary impacts, even at the low impact velocity of
10km/h. The reason for this is that the ground contact is very stiff compared to the
vehicle contact, resulting in very high accelerations of short duration for the ground
contact. These results are in good agreement with the studies of Jakobsson et al. [204],
Muser et al. [205] and Linder et al. [206], who concluded that stiffness is significantly
correlated with high acceleration impulses and increasing injury risks of injury.
Moreover, it might also be a result of the auto rickshaw front-end geometry, which is
similar to high-fronted vehicle type, producing head accelerations due to the lower
extremities and torso contacts buffering the head-to-ground interaction. These findings
are in good agreement with previous studies, which concluded that the pedestrian head
injury risk, caused by the secondary impacts, was higher than those resulting from the

primary impacts, even at low impact velocities at 20km/h [70-72, 176].

Regarding the reliability for HIC values produced during secondary impacts, this study
believes that most of HIC values are high. The use of Hybrid Il crash dummies during
impact tests instead of using cadavers might explain the higher HIC values because of
the durability of the Hybrid III dummy's head compared to the cadaver’s head. This
might be the reason for the increasing head acceleration during secondary impacts,
while the cadaver's head might be damaged during the same test conditions. These
findings are consistent with previous studies, which concluded that the head of the
Hybrid 111 dummy is more durable than the cadaver’s head during impact tests, which
lead to a significant increase in the dummy head acceleration when cadaver head
damage probably could occur under the same test conditions [250, 251].

Therefore, during secondary impacts, HIC and head injury risk are sensitive,
unpredictable and influenced by many factors, which is consistent with Simms and
Wood (2006), who concluded that the HIC produced by secondary impacts results in
far less injury risk predictability than primary impacts [55].
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4.5.2 Upper neck injury and injury risk level during primary and secondary

Impacts

In this section, the upper neck injury criteria and injury risk level of the adult
pedestrian, produced by primary and secondary impacts, were compared to assess

which has significant injury severity and risk.
4.5.2.1 Upper neck injury and injury risk level during primary and secondary

impacts at the vehicle’s centreline

Front primary impact is related to neck injury by Nj. It appears that the tension-
extension (Ne) load, representing the Nij, were between 15 and 30km/h, as shown in
Figure E-7, which corresponds to an Nj; of 0.75 and 1.28, respectively, see Figure 3-
27. Compression-flexion (Ncf), compression-extension (Nce) and tension-flexion (Ni)
have been excluded from the upper neck injury assessment of the frontal impact, since
their values were lower than the worst injury case (N), as shown in Figure E-7. These
values indicate that Njj exceeded the threshold Njj =1 at 30 km/h as presented in Figure
3-27, and were associated with 37% risk of AlIS2+, 33% of AIS3+, 46% of AIS4+ and
9 % of AIS5+, as demonstrated in Figure E-10. Therefore, the upper neck injury values

and injury risk increased with impact velocity during the primary impacts.

With respect to the front, secondary impact related neck injury, no Nj; values were
produced at an impact velocity of 15 and 20km/h, because the pedestrian impacted the
ground via back of head- ground contact, see Figure 3-19. Thus, the Nkm was applied
to measure the upper neck injury risk, because of head-neck movement. The
extension-posterior (Nep) load with rearward motion, signifies the Nkm were 1.78 and
4.49 at 15 and 20km/h, respectively, see Figures E-7 and 3-27. The flexion-anterior
(Ns2), flexion-posterior (Nf,) and extension-anterior (Nea) were omitted from the upper
neck injury valuation. In the meantime, their values were lower than the maximum
load (Nep), as shown in Figure E-7. The upper neck injury values exceeded the
threshold Nkm=1 at 15km/h, as presented in Figure 3-27 and corresponded with a 52%
risk of AIS2+, 57% of AIS3+, almost 70% of AIS4+ and 16% of AIS5+. While, Nkm,
associated with 4.49 at 20km/h, represents 97% risk of AIS2+, approximately 100%
of AIS3+ and AIS4+ and 83% of AIS5+, as shown in Figure E-10. At 30km/h, the

impact direction with the ground changed, producing face-to-ground contact, as seen
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in Figure 3-19. Thus, Njjwas used to measure the upper neck injury, because of head-
neck movement, which produced compression-flexion (Ncf) corresponding with 0.7,
as illustrated in Figures E-7 and 3-27. Compression-extension Nce), tension-extension
(Nt) and tension-flexion (N¢) upper neck loads were omitted from the upper neck
injury evaluation. Subsequently, their values were lower than the worst load case
(Ncs), see Figure E-7. The upper neck injury value was below the threshold Njj=1, as

demonstrated in Figure 3-27.

In addition, Nkm values were higher, compared to the N;;j of the primary and secondary
impacts and the upper neck injury risk produced by the ground impact at 15 and
20km/h, which was higher than those produced during the primary impacts. No robust
correlation could be established, between upper neck values and impact velocity,
during the secondary impacts, since it depends on head-ground impact direction, which

determines the specific upper neck injury criterion Nij or Nim.

During rear primary impacts, extension-posterior (Nep) load with rearward motion
signifies the worst Nkm load case at 10km/h (1.29). Flexion-posterior (Nfp) represents
the maximum load of Nkm at 15km/h (1.68) and flexion-anterior (Ns) with the forward
motion of Nkm at 30km/h (2.47), as shown in Figures E-8 and 3-28. Extension-anterior
(Nea) was excluded from the upper neck injury assessment, because it was lower than
the worst-case injury cases, see Figure E-8. These values indicate that Nxm exceeded
the threshold Nkm =1 at 10 km/h and greater, see Figure 3-28 and corresponded to 37%
risk of A1S2+, 33% of AIS3+, 46% of AlIS4+ and 9% of AIS5+, as illustrated in Figure
E-11.

Rear secondary impacts, following the impact direction of the pedestrian head with the
ground, resulted from different landing patterns, caused by the increasing impact
velocity. No Nkm values were produced at impact velocities between 10 and 30km/h,
because the pedestrian impacted the ground with the face, see Figure 3-28. Therefore,
a compression-extension (Nce) load case of Njj between 1.98 and 1.23 was produced at
impact velocities between 10 and 30km/h, as illustrated in Figures E-8 and 3-28.
Again, upper neck injury loads of tension-extension (Nt), tension-flexion (N) and
compression-flexion (Ncr) were excluded from the neck injury evaluation, because
their values were lower than the worst load cases, see Figure E-8. These values,
demonstrate that Nj; exceeded the threshold Nj; =1 at 10 km/h and greater, as presented
in Figure 3-28. These results are equivalent to a 58% risk of AlS2+, 66% of AIS3+,

204



Chapter 4. Discussion

77% of AlS4+ and 19% of AIS5+, as shown in Figure E-11. In addition, Njj and injury
risk level, produced during the secondary impacts, were higher than those produced

during primary impacts at 10 and 15km/h.

During side primary impacts, no Njj, relevant to side impact, were calculated in this
study as a result of the head and neck moving to the side direction. However, following
the impact direction of the pedestrian head with the ground during a secondary impact,
compression-extension (Nce) denoted a worst load case Njj of between 1.26 and 2.47
at impact velocities between 15 and 35 km/h, see Figures E-9 and 3-29. For the upper
neck loads, compression-flexion (Ncf), tension-extension (Nt) and tension-flexion
(Ntr) were excluded from the upper neck injury assessment, since their values were not
the maximum loads, as shown in Figure E-9. These values indicate that Nj; exceeded
the threshold Nj; =1 at 15 km/h, see Figure 3-29 and correspond to a 37% risk of A1S2+,
32% of AIS3+, 45% of AlS4+ and 9% of AIS5+, as shown in Figure E-12. In addition,
upper neck values and injury risk, produced from primary impacts, increased with
impact velocity. The upper neck values and injury risk produced from secondary

impacts varied with impact velocity.
4.5.2.2 Upper neck injury and injury risk level during primary and secondary

Impacts at 42cm offset from the vehicle’s centreline

During a front primary impact, tension-extension (Nt) represents the worst Nj; risk at
20 and 25 km/h, corresponding with 0.93 and1.09, as illustrated in Figure E-13 and
Figure 3-30. Meanwhile, tension-flexion load (Ntf) signifies the maximum load of N
at 30km/h, consistent with 1.20, see Figures E-13 and 3-30. Compression-extension
(Nce) and compression-flexion (Ncf) have been excluded from the upper neck injury
calculation because their values were not the worst loads, as shown in Figure E-13.
These values indicate that Nj; exceeded the threshold Nj; =1 at 25 km/h and higher, as
demonstrated in Figure 3-30 and sustained an almost 32% risk of AIS2+, 25 % of
AIS3+, 36% of AIS4+ and 7 % of AIS5+, as shown in Figure E-16.

For frontal secondary impacts, no neck injury values, relevant to the front and rear
criteria Njj and Nkm, were produced during the secondary impacts at all impact
velocities between 20 and 30km/h. Consequently, neck movement tended to be in the

side direction, see Figure 3-30.
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In a rear primary impact, flexion-posterior (Np) represents the maximum upper neck
injury risk of Nkm at 15, equivalent to 1.25, as shown in Figures E-14 and 3-31.
Meanwhile, extension-posterior (Nep) load cases were associated with an Nkm of 2.23
and 4.32 at 25 and 30 km/h, respectively, see Figures E-14 and 3-31. Both loads
represent a rearward motion, upper neck loads flexion-anterior (Nf.) and extension-
anterior (Nea) were excluded from the upper neck injury assessment because their
values were not the highest injurious loads, as demonstrated in see Figure E-14. Ngm
exceeded the threshold Nkm =1 at 15 km/h and higher, as shown in Figure 3-31 and are
associated with a 36% risk of A1S2+, 32% of AIS3+, 44% of AlS4+ and 9% of AIS5+,

as presented in Figure E-17.

The rear secondary impact, following the impact direction of the pedestrian’s head
with the ground, resulted from the kinematic response, body rotation and different
landing orders during impact velocity variation, as shown in Figure 3-20. Flexion-
posterior (Nfp) load characterises the worst risk of Nkm, producing 1.10 at 15km/h
corresponding to a forwarding motion, see Figures E-14 and 3-31. Meanwhile, the
extension-anterior load was the maximum load condition (Nea) at 25 km/h with a value
of 2.02 for rearward motion, as demonstrated in Figures E-14 and 3-31. Two different
loads of the upper neck were excluded, resulting from lower values, such as flexion-
anterior (Nf) and extension-posterior (Nep) excluded from the upper neck injury
assessment, because their values were not the highest injurious loads, see Figure E-14.
These values have exceeded the threshold Nkm=1 even with no head-ground contact at
a low impact velocity of 15km/h, as shown in Figure 3-31. The results are associated
with a 32% risk of A1S2+, 26% of AIS3+, 37% of AlS4+ and 8% of AIS5+, see Figure
E-17. When the impact velocity increased to 30km/h, the kinematic response changed,
a result of increasing the whole pedestrian body acceleration, which caused different
body-ground contact orders and time durations, see Figure 3-15(b). A significant
head-ground impact direction change occurred, producing a face-ground contact, see
Figure 3-31. Therefore, a compression-flexion (N¢f) load signifies that the Njj was
produced with a value of 0.5, which is below the threshold Nij=1, as shown in Figures
E-14 and 3-31.

For the side primary impact, no Nj; values, relevant to side impact, were calculated in
this study as a result of head and neck movement tending to move to the side direction.

However, following the impact direction of the pedestrian head with the ground in a
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secondary impact, resulting from a rear-ground impact, an extension-posterior (Nep)
load with rearward motion produced values of 3.45, 2.06, 4.51 and 3.21 at impact
velocities of 15, 20, 25 and 35km/h respectively, see Figures E-15 and 3-32.
Nevertheless, extension-anterior (Nea) load with forward motion represents an Nkm of
4.08 at 30km/h, as presented in Figures E-15 and 3-32. Two upper neck loads were
omitted from the upper neck injury assessment, since their values were not the highest
injurious loads, flexion-anterior (Nr) and flexion-posterior (Nf), as shown in Figure
E-15. Meanwhile, a face-to-ground impact occurred at 40km/h, producing an Nj; of
0.78, which represent tension-extension (Nte) load. Nkm represents extension-posterior
(Nep) load cases at most impact velocities between 15 and 35km/h, except at an impact
velocity of 30 km/h, which produced an extension-anterior (Nes) load. Even with a
high impact velocity at 40km/h, the Nj; was below the threshold N;jj=1, see Figures E-
15 and 3-32. Meanwhile, Nkm exceeded the threshold Nkm =1 at 15 km/h and produced
an 89% risk of AIS2+, 97% serious injury AlS3+, 98% of AlS4+ and 59% of AIS5+,
as shown in Figure E-18.

In summary, during primary impacts, upper neck injury criteria Njj and Nxm and injury
risk increased with vehicle impact velocity. In addition, Nkm during primary and
secondary impacts produced higher injury risks than those produced by Nj;. This could
be a result of the influence of shear forces, which were previously specified as being
associated with soft tissue injuries to the cervical spine intervertebral joints [128, 129].
Furthermore, it could cause pain in the neck, almost twice as frequently as frontal
impacts Njj. This is caused by the shear forces, which could cause potential harm to
the spinal cord. These findings in good agreement with Panjabi et al (1998), which
concluded that the shear force has a significant influence on spinal cord injuries [91].
However, there was no robust correlation between the upper neck injury values, injury
risk level and vehicle impact velocity during the secondary impacts. Also, using Nj;
or Nkm, during the secondary impacts, depends on the head-ground direction and head-
neck movement. These results indicate that the secondary impact was influenced by
the post-kinematic response, specifically the landing patterns caused by factors such
as impact velocity, impact position, the vehicle contact region and ground-impact
direction. In addition, the upper neck injury risk produced from the ground contacts
is significantly higher than those produced during primary impacts, even at the low
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impact velocity of 10km/h. Therefore, upper neck injury criteria including Nij and Nkm

are sensitive.

4.5.3 Chestinjury and injury risk level during primary and secondary impacts

Combined Thoracic Index (CTI) was used to assess chest injury and risk level during

primary and secondary impacts.
4.5.3.1 Chestinjury and injury risk level during primary and secondary impacts

at the vehicle’s centreline

For the frontal primary impacts, Combined Thoracic Index (CTI) increased marginally
between 0.55 and 0.89 at impact velocities from 15 to 30 km/h. CTI did not exceed
the threshold CTI =1, see Figure 3-33. The CTI at 30km/h was associated with a 62%
risk of A1S2+, 13% of AIS3+, 3% of AIS4+ and 0.02% of AIS5+, as shown in Figure
E-19.

During frontal secondary impacts, following the impact direction of the pedestrian
front chest with the ground, no front chest-ground contacts were observed at 15 and
20km/h, as shown in Figure 3-33. Though could result from a pedestrian impact to the
back-torso, which is caused by the different dynamic response as a result of change in
impact velocity and leads to different landing patterns with the ground (back-ground
contact), as shown in Figure 3-15 (a). When the impact velocity increased to 30km/h,
the pedestrian’s body accelerated in the impact direction, producing a CTI of 0.7,
which is less than that produced during primary impacts and below the threshold
CTI=1, see Figure 3-33. The results predict a 34% risk of AlS2+, 3.8% of AIS3+,
0.75% of AlS4+ and 0.01% of AIS5+, see Figure E-19.

Since, the CT] criterion was only designed for frontal impacts, no CTI chest injury risk
was produced during rear primary impacts. For rear secondary impacts, front chest-
ground contacts were seen at all impact velocities, resulting from changing the impact
direction, as shown in Figure 3-34. The CTI fluctuated between 0.46 and 0.41, at
impact velocities between 10 and 30km/h. All CT1 were below the threshold CTI=1,
as shown in Figure 3-34 and indicate different injury risk levels. The maximum CTI
of 0.74 at 15km/h corresponds to a 40% risk of AIS2+, 5% of AIS3+, 1% of AlIS4+
and 0.01% of AIS5+, see Figure E-20.
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Since, the CTI criterion was only proposed for frontal impacts, no CTI chest injury
risk level was measurable during side primary impacts. For secondary side impacts,
following the impact direction of the pedestrian front chest with the ground, even
though initial impact position was side position, front chest-ground contacts occurred
at all tested impact velocities, as shown in Figure 3-35, due to landing pattern variation,
caused by different impact velocities, see Figure 3-15 (a). The CTI varied from 0.46
to 0.25 at impact velocities between 15 and 35km/h. None of the CTI exceeded the
chest injury threshold CTI=1, as shown in Figure 3-35, however, a maximum CTI of
0.57 was produced at 30km/h, indicating a 19% risk of AlS2+, 1.5% of AIS3+, 0.3%
of AlS4+ and 0% of AIS5+, see Figure E-21.

4.5.3.2 Chestinjury and injury risk level during primary and secondary impacts

at 42cm offset from the vehicle’s centreline

For the frontal primary impacts, there was a slight increase in the CT1 between 0.5 and
0.87, with impact velocities from 20 km/h to 30 km/h, which indicates that CTI were
below the threshold CTI =1 at all impact velocities; see Figure 3-36. The maximum
CTIl was 0.87, as shown in Figure 3-36, which is associated with a 59% risk of AI1S2+,
12% of AIS3+, 2% of AlS4+ and 0.02% of AIS5+, see Figure E-22. In addition, all
CTI and chest injury risks were lower than those produced during the front primary

impact at the vehicle’s centerline.

The frontal secondary impacts follow the impact direction of the pedestrian frontal
chest with the ground. No front chest-ground contacts occurred, due to the asymmetric
impact at the vehicle offset, see Figure 3-15 (b). The offset caused a significant
kinematic response and body rotation about the side of the vehicle. Moreover, it also
caused a clear imbalance in the post-kinematic response, compared to that at the
vehicle’s centerline. Therefore, torso, femur and tibias come into contact with the

ground rather than the head and chest contacts.

For rear primary impacts, no CTI were measured in rear primary impacts, due to the
aforementioned limitation of CTI. The secondary impacts follow the impact direction
of the pedestrian frontal chest with the ground. No chest-ground contacts occurred at
15 and 25km/h, as shown in Figure 3-37 and therefore, no CTI and injury risk as a
result of different body-ground contact orders, see Figure 3-15 (b). When the impact

velocity increased to 30km/h, a significant impact force was generated, which
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accelerated the whole body and changed the impact direction, producing front chest-
ground contacts, see Figure 3-37. The measured CTI was 0.18 at 30km/h, which is
below the threshold CTI=1, shown in Figure 3-37 and indicates a 2% risk of AIS2+,
0.09% of AIS3+, 0.02% of AlS4+ and 0% of AIS5+, see Figure E-23.

As discussed previously, CTI could not be produced during primary side impacts. The
secondary impacts follow the impact direction of the pedestrian frontal chest with the
ground. No chest-ground contacts occurred at impact velocities betweenl5 and
35km/h and no CTI resulted from the different kinematic responses, see Figure 3-38.
When the impact velocity increased to 40km/h, a significant impact force was
generated. This accelerated the whole body and it totally lost balance and changed
kinematic response and impact direction, producing a front chest-ground contact with
a CTI of 0.18, which is below the threshold CTI=1, as shown in Figure 3-38. The
results indicate a 2% risk of AIS2+, 0.09% of AIS3+, 0.02% of AlS4+ and 0% of
AIS5+, see Figure E-24.

In summary, CTI criterion of chest injury risk in front primary impacts indicates that
the pedestrian could sustain a greater chest injury severity when impacted at the
vehicle’s centerline than when impacted at 42cm offset from the vehicle’s centerline.
This could result from high energy transfers to the centre of the pedestrian chest,
momentum and concentrated force to the pedestrian’s chest in the vehicle forward
impact direction, with less rotation and a longer chest-vehicle windscreen interaction
time than that at the offset. However, all of the CTI were below the injury threshold
CTI=1. Additionally, CTI and chest injury risk during the primary impacts increased
with impact velocity and a strong relationship could be observed. For the secondary
impacts, all CTI varied with impact velocity and depended on the pedestrian’s landing
patterns relative to the ground and frontal chest-ground contact direction. In addition,
the CTI and chest injury risks were less than those produced during the primary
impacts, with no robust relationship between CTI and impact velocity established.
Therefore, CTI and chest injury risk level are sensitive and influenced by many factors
during primary and secondary impacts, varying noticeably with the impact position,

vehicle contact region, vehicle velocity and body contact order.
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4.6 Auto rickshaw engineering modifications for adult pedestrian

safety enhancement

The data derived from the adult pedestrian-vehicle primary impacts studies provides
an opportunity for the development of injury mitigation analyses within the context of
the study of the auto rickshaw, in relation to many cost-benefit related issues with
respect to injury cost saving, vehicle mass reduction and engineering modification
cost. This section discusses the effects of material selection and thickness
modifications of the most frequently impacted, stiffest and most injurious vehicle
components (windscreen and windscreen frame) on the head, upper neck and chest
injury risk for an adult pedestrian during the primary impacts with brief economic

considerations.
4.6.1 Head injury and injury risk level during primary impacts after vehicle

modifications

The study by Nguyen et al. 2013 [231], provides an in-depth consideration of how
costs differ between AIS level injuries and body region for pedestrian road traffic
injuries in Thai Binh province, Vietnam. Estimating that the mean costs associated
with pedestrians, whilst hospitalised, could be as high as $ 2700 for AlS4+ head
injuries. These are very considerable costs given that the average annual income in
the Thai Binh province is just $ 695 [294]. These costs account for only those incurred
during the patient’s stay at hospital and do not consider the transfer of the patient to a
higher -level hospital or loss of work, due to injuries. Thus, the actual costs are likely
to far exceed these estimates [231]. Regardless of the country in question, it is clear
that if the severity of an injury was to be reduced then so would the associated medical
expenses and thus, the effects of injury mitigation strategies may have a beneficial
impact on developing countries. Therefore, the results of this study will concentrate
on comparing the likelihood of an adult male pedestrian suffering severe head injuries
AlS4+ during an impact with an auto rickshaw constructed with the original materials

and an auto rickshaw constructed with different materials.
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4.6.1.1 Head injury and injury risk level during primary impacts after vehicle

modifications at the vehicle’s centreline

The frontal impact HIC for an adult pedestrian impacted by the original auto rickshaw
(steel windscreen frame and glass windscreen) exceeded the threshold HIC15=1000 at
30km/h, as shown in Figure 3-37. Different aluminiums were simulated for the
windscreen frame (Types 6016-T4, 6061-T6, 6111-T4, 5754-0 and 5182-0) and one
magnesium (AZ31B). Polycarbonate (PC) was used for the windscreen. All modified
auto rickshaw designs (aluminium and magnesium windscreen frame and
polycarbonate windscreen) produced significantly lower HIC values, with almost all
not exceeding the head injury threshold at all impact velocities (10-40km/h). The
exception was aluminium 6016-T6, whose associated HIC values exceeded the
threshold HIC15=1000 at 35km/h and above; however, it still confirmed that significant
improvements were feasible, since the threshold was exceeded at an impact velocity
5km/h higher than the original material, see Figure 3-37. The responses indicate an
average AlS4+ reduction, at impact velocities between 10 and 40km/h of 33%, 32%,
32%, 32% and 33% for 6016-T4, 6111-T4, 5754-0, 5182-0 and AZ31B materials,
respectively, as shown in Figure F-1. This was considerably lower for the 6061-T6
material, which produced an average AlS4+ reduction of 27%. Due to the reduction
in severe head injury, these results estimate that the modified materials might provide
an average medical cost saving for a pedestrian impacted by an auto rickshaw in
Vietnam of $882, 847, 868, 853 and 881 for 6016-T4, 6111-T4, 5754-0, 5182-0O and
AZ31B, respectively [231]. Whilst, for the 6061-T6 material, this average cost saving
was estimated to be $732 [231].

For rear impacts, HIC values for the adult impacted by the original auto rickshaw
exceeded the threshold HIC15=1000 at 25km/h, as presented in Figure 3-38. All auto
rickshaw simulations possessing the modified materials produced considerably lower
HIC values than the original vehicle design. Aluminium 6061-T6, 6111-T4 and 5182-
O only produced HIC that exceeded the threshold at 35km/h and aluminium 6016-T4
and 5754-O and magnesium AZ31B at 40km/h. This indicates that excellent
improvements to pedestrian safety may been produced, as the modified materials
increased the HIC threshold by at least 10km/h or 15km/h greater than the original

auto rickshaw. In addition, these results indicate an average AlS4+ reduction at impact
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velocities between 10 and 40km/h of 19%, 5%, 12%, 15%, 13% and 19% for 6016-
T4, 6061-T6, 6111-T4, 5754-0, 5182-O and AZ31B, respectively, see Figure F-2.
Due to the reduction in severe head injury observed for rear impacts, these results
estimate that the modified materials may provide an average medical cost saving of
between $139 and $524 [231].

For side impacts, HIC for the adult pedestrian impacted by the original auto rickshaw
did not exceed the threshold HIC=800 at all impact velocities between 10 and 40km/h,
as demonstrated in Figure 3-39. However, all simulations for the modified auto
rickshaw design showed a large increase in HIC compared to that of the original
materials for all impact velocities. Thus, side impacts to the centreline of the auto
rickshaw exhibited by far the most injurious HIC results, as no improvement was made
after altering the windscreen and windscreen frame materials. The simulations also
surpassed the HIC threshold at 35 km/h for aluminium 6061-T6, 6111-T4, 5754-O and
5182-0 with an average AlIS4+ increase of 27%, 11%, 7% and 13%, respectively, see
Figure F-3.

Moreover, aluminium 6016-T4 and AZ31B exceeded the HIC threshold at 40km/h
with an average AlS4+ increase of 2%, as shown in Figure F-3. Due to an increase in
severe head injury observed for side impacts, these responses estimate that the
modified materials provide an average medical cost increase, rather than medical cost
saving of between $54 and $735 [231]. Contact between the auto rickshaw and torso
may be the reason for this rise in HIC for the PC windscreen, particularly at higher
velocities, since more of the torso makes contact with the PC windscreen than at lower
velocities, where the torso also contacts with the stiffer lower windscreen frame.
When the torso impacts with the ‘stiff” glass windscreen or the lower section of the
metal windscreen frame, less energy is absorbed by the material than a material that
exhibits large amounts of deformation. More kinetic energy is transferred to the torso,
potentially pushing the pedestrian’s body away from the vehicle after impact.
Although this would result in a high risk of injury to the upper torso (chest), it may
push the body away enough such that the head contact is actually minimised as it
accelerates back towards the vehicle during neck extension. When the polycarbonate
windscreen impacts with the torso it deforms very significantly, such that less energy
is transferred to the torso and the body is not pushed away as much as it was by the
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stiffer materials. This may lead to the head of the pedestrian having a more significant

impact with the vehicle and producing a higher HIC value than the glass windscreen.
4.6.1.2 Head injury and injury risk level during primary impacts after vehicle

modifications at 42cm offset from the vehicle’s centreline

For frontal impacts, HIC values for the adult pedestrian, impacted by the original auto
rickshaw, exceeded the threshold HIC15=1000 at 25km/h, as illustrated in Figure 3-40.
Similar to that produced by the original materials, the HIC produced by aluminium
6061-T6 also exceeded the head injury threshold at 25km/h. The modified vehicle
designs, that include the aluminium 6111-T4, 5754-O and 5182-O windscreen frame
materials, produced HIC values that were considerably reduced, exceeding the
threshold at 30km/h. Aluminium 6016-T4 and Magnesium AZ31B produced the most
promising results, with HIC values that exceeded the threshold only at 35km/h,
indicating that pedestrian safety was improved by the modified designs, since the HIC
threshold was exceeded at impact velocities at least 5km/h to 10km/h higher than the

original materials.

In addition, the results indicate an average AlS4+ reduction, at impact velocities
between 10 and 40km/h of 30%, 7%, 14%, 21%, 16% and 31% for 6016-T4, 6061-T6,
6111-T4, 5754-0, 5182-0 and AZ31B, respectively, see in Figure F-4. Due to the
reduction observed in severe head injury, the results estimate that the modified
materials may equate to an average medical cost saving of between $179 and $845
[231].

For rear impacts, HIC values for the adult pedestrian impacted by the original auto
rickshaw exceeded the threshold HIC15=1000 at 20km/h, as shown in Figure 3-41. The
HIC values produced by the modified vehicle designs, that included aluminium 6061-
T6, 6111-T4, 5754-0O and 5182-0, exceeded the head injury threshold at 25km/h. For
the modified designs, that included aluminium 6016-T4 and magnesium AZ31B, HIC
considerably reduced and exceeded the threshold only at 30km/h, as illustrated in
Figure 3-41. These results indicate that good improvements were made to pedestrian
safety, since the HIC threshold value was exceeded at impact velocities at least 5Skm/h
or 10km/h higher than the original materials. Furthermore, the results indicate an
average AlS4+ reduction at impact velocities between 10 and 40km/h of 44%, 17%,
26%, 33%, 27% and 45% for 6016-T4, 6061-T6, 6111-T4, 5754-0, 5182-O and

214



Chapter 4. Discussion

AZ31B, respectively, see Figure F-5. Due to these reductions in severe head injuries,
the results produced an estimated average medical cost saving of between $461 and
$1208.

No head contact occurred at the side offset impact position for both the original vehicle
materials or the modified materials. Therefore, it can be concluded that the two stand
out performers that provide the greatest HIC reduction in an auto rickshaw-pedestrian
impact are aluminium 6016-T4 and magnesium AZ31B for the windscreen frame
material and PC for the windscreen. These materials produced the largest amounts of
deformation for all velocities, hence, they absorbed the most energy during impact and
produced the lowest pedestrian HIC values. These results show a good agreement with
Savic et al. (2014) [220], who concluded that the Mg AZ31-O had the lowest and,
hence, most favourable HIC score relative to other automotive materials, such as
AZ61-0O, ZEK100, 6111-T4 and 5182-O, when considering pedestrian safety

improvements by a series of experimental and numerical tests.

In addition, this conforms with the study by Nikolaevich et al (2014) [214], which
stated that energy absorption is a significant design factor for pedestrian safety and
stated that aluminium alloys have excellent energy absorption. Consequently, if
greater amounts of energy are absorbed by vehicle components, then the kinetic energy
of the vehicle is controlled during the impact, while preventing or reducing the peak

reaction force transfer to the pedestrian [217].

As a consequence, the HIC values produced during impacts at the vehicle offset are
significantly higher than those produced at the vehicle centreline, which produced a
greater injury risk. Reasons for centreline impacts generally having lower HIC than
offset impacts may be that the initial contact is made by the front mudguard to the
lower extremities of the pedestrian, which pushes the legs away from the vehicle.
Offset impacts produce initial impacts at the frontal leading edge of the windscreen
frame with the torso area of the pedestrian, which arches the pedestrian’s body around

the vehicle and appears to lead to more energetic head contacts.

4.6.2 Upper neck injury and injury risk level during primary impacts after
vehicle modifications

Nguyen et al. 2013 [231], commented that the injuries to the spine, which includes the

neck and chest, had no significant cost difference and often had the lowest costs of all
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body regions, being approximately 38% lower than head injuries. Neck and chest

injuries were estimated to cost as much as $1520 for serious injuries (AIS3+) [231].
4.6.2.1 Upper neck injury and injury risk level during primary impacts after

vehicle modifications at the vehicle’s centreline

Pedestrian impacts at the centreline of the vehicle were assessed for frontal and rear
impacts by the Njj and Nkm. For frontal impacts, the Nj; for the adult pedestrian
impacted by the original auto rickshaw exceeded the threshold Nj=1 at 25km/h, as
shown in Figure 3-42. It also indicates that Nj; values considerably reduced for all
modified materials. In addition, aluminium 6061-T6 produced the greatest Nj; and
exceeded the threshold at velocities of 35km/h, while aluminium 6111-T4, 5754-O
and 5182-0, and Magnesium AZ31B, produced Nj; values that exceeded the threshold
at 40km/h, see Figure 3-42. Furthermore, aluminium 6016-T4 produced remarkable
Nij values, that did not exceed the threshold Njj=1 at all impact velocities between 10
and 40km/h, see Figure 3-42. The results indicate that pedestrian upper neck safety
was improved even when the threshold was exceeded at impact velocities 10km/h to
15km/h greater than the original materials. In the case of aluminium 6016-T4, the auto
rickshaw would have exceeded the threshold at an impact velocity over 15km/h higher
than the original auto rickshaw design. Additionally, the results indicate an average
AIS3+ reduction at impact velocities between 10 and 40km/h of 11%, 8%, 10%, 10%
and 10% and 11% for 6016-T4, 6061-T6, 6111-T4, 5754-O, 5182-O and AZ31B,
respectively, see Figure F-6. Due to the reductions in serious upper neck injury risk,
the results for the modified materials are estimated to provide an average medical cost
saving of between $120 and $179 [231].

For rear impacts, Nkm Of the original auto rickshaw design exceeded the upper neck
injury threshold Nkm=1 at 10km/h, shown in Figure 3-43. Nm, for the modified
materials, reduced only marginally compared to that seen for frontal impacts.
However, all Nkm values still exceeded the upper neck injury threshold at 10km/h,

which was the same velocity as the original materials.

The results for rear impacts at the vehicle centreline indicate an average AIS3+
reduction at impact velocities between 10 and 40km/h of 18%, 13%, 16%, 17% and
16% and 18% for 6016-T4, 6061-T6, 6111-T4, 5754-O, 5182-O and AZ31B,

respectively, as shown in Figure F-7. Due to the reductions in serious upper neck
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injury risk, it is estimated that the modified materials might produce average medical
cost savings of between $191 and $270 [231].

4.6.2.2 Upper neck injury and injury risk level during primary impacts after

vehicle modifications at 42cm offset from the vehicle’s centreline

For frontal impacts, Nj; of the original auto rickshaw design exceeded the upper neck
injury threshold Nj=1 at 25km/h, shown in Figure 3-445. This suggests Ni
significantly reduced for all modified materials, see Figure 3-44. Aluminium 6061-T6,
6111-T4 and 5182-O produced Nj; values that exceeded the threshold at an impact
velocity of 30km/h, whereas aluminium 5754-O produced an Nj; that exceeded the
threshold at 35km/h. Following the trend of previous results, the aluminium 6061-T4
and magnesium AZ31B materials produced the lowest Njj and did not exceed the
threshold Nij=1 at all impact velocities between 10 and 40km/h. Therefore, pedestrian
upper neck safety was improved for all modified designs and resulted in the upper neck
injury threshold being exceeded at impact velocities 5km/h, 10km/h and 15km/h
greater than the original materials. For both aluminium 6016-T4 and magnesium
AZ31B, the threshold would be exceeded at an impact velocity over 15km/h higher
than the original materials.

Moreover, the results indicate an average AIS3+ reduction at impact velocities
between 10 and 40km/h of 12%, 6, 7%, 9%, 8% and 12% for 6016-T4, 6061-T6, 6111-
T4, 5754-0, 5182-0 and AZ31B respectively, see Figure F-8. Due to the reductions
observed to serious upper neck injury, these results estimate that the modified

materials may produce an average medical cost saving of between $88 and $187 [231].

For rear impacts, the Nkm of the original auto rickshaw design exceeded the upper neck
injury threshold Nkm=1 at 15km/h, shown in Figure 3-45. In addition, the figure shows
the Nkm values for all modified materials also exceeded the threshold at 15km/h and

only exhibited minor improvements compared to that of the original design.

Furthermore, the results indicate an average AIS3+ reduction at impact velocities
between 10 and 40km/h of 6%, 4%, 6%, 6% and 7% and 4% for 6016-T4, 6061-T6,
6111-T4, 5754-0, 5182-O and AZ31B respectively, see Figure F-9. Due to the
reductions observed to serious upper neck injury, it is estimated that the modified

materials may produce an average medical cost saving of between $60 and $98 [231].
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4.6.3 Chest injury and injury risk level during primary impacts after vehicle

modifications
4.6.3.1 Chest injury and injury risk level during primary impacts after vehicle

modifications at the vehicle’s centreline

For frontal impacts, the CTI of the original auto rickshaw design exceeded the chest
injury threshold CTI=1 at 35km/h and greater, shown in Figure 3-46. This suggests
CTI was considerably reduced for all modified materials and did not exceed the chest
injury threshold at impact velocities between 10km/h and 40km/h, see Figure 3-46.
However, aluminium 6061-T4 and magnesium AZ31B produced the lowest injury
risks. The results indicate an average AIS3+ reduction at impact velocities between
10 and 40km/h of 20%, 19%, and 15% for 6016-T4, 6061-T6 and 6111-T4,
respectively and 20% for 5754-0, 5182-O and AZ31B, see Figure F-10.

4.6.3.2 Chest injury and injury risk level during primary impacts after vehicle

modifications at 42cm offset from the vehicle’s centreline

For frontal impacts, the CTI of the original auto rickshaw model exceeded the chest
injury threshold CTI=1 at 40km/h, shown in Figure 3-47. The CTI marginally reduced
for all modified materials exceeding the chest injury threshold at 40km/h, see Figure
3-47. However, in most tests, aluminium 6061-T4 and magnesium AZ31B produced
the lowest injury risk, as shown in Figure F-11. Thus, indicating an average AIS3+
reduction at impact velocities between 10 and 40km/h of 12%, 10% and 11% for 6016-
T4, 6061-T6 and 6111-T4 respectively and 12% for aluminium 5754-0, 5182-0O and
AZ31B, as shown in Figure F-11.

For the safety of an adult male pedestrian and cost-effectiveness, therefore, it appears
that of those materials tested, the optimal vehicle materials are the 6016-T4 and
AZ31B windscreen frames, along with the PC windscreen. Mitigating potential road
traffic injuries is paramount, for not only improving public health but also reducing
the high cost burden for developing countries. The increased additional cost of
implementing these suggested materials must be weighed up against the potential

financial and societal costs saved by mitigating injury severity.

For the windscreen of the auto rickshaw, LS-DYNA estimated a mass of 8.13 kg for
the original glass design, at an estimated cost of approximately $14 [223]. The
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estimated mass for the PC windscreen is just 3.74 kg and an estimated cost of
approximately $12 [223]. For the auto rickshaw windscreen frame, LS-DYNA
estimated a mass of 7kg for the original mild steel design, which would cost
approximately $7[173]. For the aluminium 6016-T4 windscreen frame, LS-DYNA
estimated its mass to be 3.64 kg at an estimated cost of $8 [294]. For the magnesium
AZ31B windscreen frame, LS-DYNA estimated its mass to be 1.589kg at an estimated
cost of approximately $9 [207]. Subsequently, it is clear that both the aluminium 6016-
T4 windscreen frame and the PC windscreen has the potential to provide the greatest
reduction in medical expenses, associated with head and upper neck injuries, whilst
also showing potential to actually reduce material costs for the components.
Regardless of the country in question, it is clear that if the severity of an injury was to
be reduced, then this could save significantly in medical costs alone. When accrued,
these cost savings could have a hugely beneficial impact on developing countries.
Therefore, aluminium 6016-T4 and PC provides the best material combination
between all modified vehicle designs tested for pedestrian head and neck injury risk
reduction and safety improvement, since they show exceptional ability to absorb
impact energy during pedestrian impacts. Thus, the materials have a considerable
influence on head acceleration and head movement of the pedestrian. These findings
are in close agreement with Binyamin et al (2018) [215], who commented that the
aluminium structure has a greater ability to absorb energy during pedestrian-bonnet
impacts whilst decreasing head acceleration. In addition, the findings are consistent
with Masoumi et al (2011), who concluded that the aluminium bonnet leads to better
improvement in HIC, compared to steel [216]. Moreover, this modification would
assist in reducing the weight of the vehicle, allowing the auto rickshaw to reduce from
an estimated mass of 373 kg, to a mass of 363 kg, including the driver’s mass, which
would also influence fuel consumption and associated pollution. However, many other
factors have to be taken into consideration before these engineering modifications can
be considered, such as the manufacturability of the chosen materials and occupant

safety.
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4.7 Limitations

This research study has identified limitations, which might lead to further research as

follows:

» There is a lack of real-world primary and secondary impact accident data
relevant to pedestrian-auto rickshaw impacts in developing countries; and no
experimental data for pedestrian-auto rickshaw impact tests. It was, therefore,
difficult to validate the computational simulations.

» This study has been focused on linear acceleration to assess the head injury risk
for both adult and child pedestrian. Rotational acceleration, which is a
contributory cause of head injury was not investigated.

» There is no valid supported injury criterion that specifically considers neck
injuries sustained during side impacts, thus, no Njj could be calculated for the
side impacts in this study. One proposed solution to this issue is the multi-axial
neck injury criteria (MANIC), which also includes the effects of side
acceleration on the neck. In addition, no lower neck injuries were calculated,
since the current 50™ percentile adult and 6'YO-child Hybrid 111 dummies did
not support the lower neck injury calculation.

» Currently, the Hybrid 11l 6YO-Child dummy, which was used in this study,
does not support the Combined Thoracic Index (CTI) calculation for chest
injuries sustained during frontal impacts. Therefore, no CTI was calculated for
the child pedestrian in this study.

» This study investigated head, neck and chest injuries during primary and
secondary impacts. However, other injuries do occur, such as upper and lower
extremities, lower neck injury and abdominal injuries, which require
consideration to establish a complete understanding of combined injury risk.

> Two pedestrian dummies (50" adult and 6YO-child) were used to investigate
the influence of pedestrian size on the kinematic response, injury metrics and
injury risk during primary impacts. While, only the adult pedestrian was used
to investigate the full secondary phase kinematics. Due to time constraints,
other available pedestrian dummy sizes, such as the 95" adult and 5" female,

were not investigated. In addition, the pedestrian is modelled as stationary
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(pedestrian velocity=0). This might effect the kinematic response, including
head impact locations and head impact angles and injury metrics.

» It must be acknowledged that simply changing the material composition of the
vehicle in a binary manner will not optimally alleviate pedestrian injuries.
Further material and geometric configurations require optimisation to produce

an optimal solution, with respect to injury mitigation and medical cost saving.
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5. CONCLUSIONS

5.1 Research conclusions

The aim of this research was to establish a computational model of an auto rickshaw
to assess the safety of pedestrians in urban areas in developing countries through a
series of auto rickshaw-pedestrian impact simulations. This study produced an
improved understanding of pedestrian kinematics during auto rickshaw—pedestrian
impacts, prior to head, neck and chest impacts against both the vehicle components
and subsequently, the ground. In addition, several aluminium and magnesium alloys
were investigated in an attempt to determine potential replacements for steel, for the
purpose of impact mitigation of the windscreen frame and polycarbonate as a possible

replacement for the glass windscreen. Key findings are summarised as follows:-

5.1.1 Primary impacts for the 50t percentile adult and 6YO-child pedestrians

» Varying pedestrian size, impact position, impact velocity and vehicle contact
region had significant effects on the kinematics, head contact location, head

contact time and angles.

» Varying pedestrian size, impact position, impact velocity and vehicle contact
region had a considerable influence on HIC values and head injury risk. In
addition, impacts at the vehicle offset produced greater head injury risk than
centreline. The lowest risk impact scenario for the adult was the side offset,
which produced no head contact at impact velocities between 5km/h and
48km/h. Moreover, adults were subject to a relatively high risk of head impact
injury at velocities of 20 km/h or greater during primary impacts, whilst, a
6YO-child was subjected to a significant head injury risk at 10km/h and
greater.

» There was a robust correlation between HIC values and impact velocity for

both adult and child during primary impacts.

» Variation in pedestrian size, impact position, impact velocity and vehicle
contact region had a noticeable influence on upper neck load cases and in
addition, impact velocity and size had a significant influence on upper neck

injury, Nij, values and injury risk for both the adult and child during frontal
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impacts. There was, however, no significant influence of the vehicle contact
region on Njj observed for both adult and child. Upper neck injury values were
observed to exceed the threshold (Njj=1) at 25km/h for the adult and 15km/h
for child.

» Varying impact velocity and vehicle contact region had a significant influence
on upper neck injury values, Nkm, and injury risk for the adult during rear
impacts. In addition, impacts to the rear at a vehicle offset produced higher
upper neck injury values Nkm and injury risk than centreline, and exceed the
threshold at impact velocities of 10 km/h or greater. Moreover, there was a
robust correlation between upper neck injury criteria and impact velocity for
both adult and child during primary impacts.

» Varying impact velocity and vehicle contact region had a significant influence
on adult chest injury and injury risk and chest injury values (CTI) were
observed to exceed the injury threshold, (CTI=1) at 35km/h at the vehicle
centreline and 40km/h at the vehicle offset. In addition, there was a robust
correlation between CTI values and impact velocity for the adult during

primary impacts.

5.1.2 Secondary impacts for the 50t percentile adult pedestrian

For many years, the automotive industry has been trying to favourably influence the
primary vehicular impacts with pedestrians by adapting the vehicle’s frontal shape
design. Furthermore, vehicle speed management has been established as a means of
reducing injury severity during primary impacts. Secondary impacts with the ground
do, however, inevitably occur and require further study. The following conclusions

are drawn from this study:

» Variations in impact position, impact velocity and vehicle contact regions had
a significant influence on the body contact region and landing patterns with the

ground.

» Variations in impact position, impact velocity and vehicle contact regions had
a significant influence on throw distance. There is a robust correlation between
the throw distance and vehicle impact velocity. However, impacts at the
vehicle centreline were associated with significant, predominantly linear

projections and offset impacts with rotation.
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» During the simulation of a real-accident scenario, the pedestrian response
showed the greatest agreement with the CCTV recording at 25 km/h during
both the primary and secondary phases. The approach can, therefore, be very
useful for predicting the likely impact velocity during a road accident and
further, for reconstructing the kinematics of road accident scenarios; accurately
analysing accidents and their associated impact environment and improve

safety in urban areas.

» Varying impact velocity, impact position and vehicle contact region had a
significant influence on head-ground impact direction, contact orders and head
injury risk. The variation in head-ground impact direction dictated head injury
(HIC values) threshold selection.

» There was no robust relationship established between HIC and impact velocity
during secondary impacts. In most cases HIC values and head injury risk were
greater than those produced during primary impacts. Moreover, even relatively
low primary impact velocities, for example 10km/h, at the safest impact
scenario (side offset) could change to a fatal and injurious impact scenario

during the secondary phase, producing a 100% risk of fatal head injury.

» Variations in impact velocity, impact position and vehicle contact region had a
significant influence on head-torso movement, upper neck loads and upper
neck injury risk. No robust correlation was established during the secondary
impacts between upper neck injury criteria, Njj and Nxm and impact velocity.
Upper neck injury risks, produced from the ground contacts, were, however,
significantly greater than those produced during primary impacts, even at the
low impact velocity of 10km/h and could cause fatal upper neck injury risk.
Therefore, upper neck injury risk, produced during secondary impacts has

some sensitivity.

» Varying impact velocity, impact position and vehicle contact region did have
a significant influence on chest-ground impact direction. Although there was
no robust correlation established between CTI and impact velocity during
secondary impacts. Moreover, CTI and chest injury risk during secondary

impacts were lower than those produced during the primary impacts.
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In conclusion, even at relatively low impact velocities, the original auto-rickshaw
design cannot be considered to be ‘pedestrian-friendly’ for use in urban areas, due to
its frontal geometry, which exposes the pedestrian to significant risks of both injurious

vehicle-pedestrian and pedestrian-ground related interactions.
5.1.3 Auto rickshaw engineering modifications for adult pedestrian safety

enhancement

Response kinematics identified different alternative materials for the auto rickshaw

windscreen and windscreen frame, which can produce injury risk mitigation.

» Aluminium 6016-T4 and magnesium AZ31B were established to be the best
windscreen frame metals, of the materials investigated, for mitigating potential
pedestrian injuries, showing excellent reductions in HIC, upper neck injury
(Nij) and chest injury (CTI) during frontal impacts. Combining both material
changes to the windscreen and windscreen frame structures resulted in
significantly lower injury criteria at the majority of impact positions, although
offset head injury and rear impact neck injury risks remained high, AlS 4+ and

AIS 3+, respectively.

» After taking into consideration economic factors, the 6016-T4 windscreen
frame and polycarbonate windscreen combination was identified as the most
suitable vehicle design, whilst demonstrating the potential to keep costs

relatively similar to the current design.

» The results further demonstrate that the proposed auto rickshaw design may
reduce the severity of certain injuries and subsequently decrease associated
medical costs in low- and middle-income countries. The engineering
modification would also reduce the vehicle mass, which would also influence

fuel consumption and associated pollution.

To decrease the number of pedestrian-vehicle road accidents in developing countries,
many factors require consideration, such as road infrastructures, pedestrian-vehicle

separation and vehicle speed management.

This study demonstrates the potential contribution of vehicle technical engineering
solutions in significantly reducing the level of injury risk, such as retro fitting injury

mitigation technologies to those auto rickshaw contact regions, which are the subject
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of the greatest risk of producing pedestrian injury. Moreover, the study demonstrates

aneed to avoid or reduce adult pedestrian’s secondary phase kinematics by modifying

the vehicle’s frontal geometry for improving pedestrian safety.

5.2 Future work

Considering the extensive review of the existing research limitations and results the

motivations for future research are suggested as follow:

>

YV V VvV V

A collection of pedestrian-auto rickshaw real-world accident epidemiological
data for subsequent computational model development, validation and

analysis.

An investigation of associated head injury risk as a result of impact related

rotational accelerations.

Further research of side upper neck and lower neck injury risk.
Further research of chest injury risk for 6YO-child pedestrian.
Further research of upper and lower extremities and abdomen.

Further investigation of the influence of pedestrian size and pedestrian speed
during an impact to assess the kinematic response, injury patterns and injury

risk during primary and secondary impacts.

Computational and/or experimental research is required to investigate the
influence of changing the front-end geometry of the auto rickshaw on
pedestrian injury patterns and injury risk during primary and secondary

interactions.

A more in-depth analysis of additional manufacturing costs is required.
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7. APPENDICES

Appendix A.
This section including the results for an adult pedestrian impacted by the auto rickshaw
during primary impacts.
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Figure A- 1. Head contact time for adult pedestrian at front, rear and side impact positions at the
vehicle’s centreline

Figure A-2. Effective angles of rotation for the adult pedestrian about the frontal edge of the auto
rickshaw sheet plate in the front, rear and side impact at the vehicle’s centreline
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Figure A- 3. Head contact time for adult pedestrian at front and rear impact positions at 42cm
offset from the vehicle’s centreline
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Figure A-4. HIC values for adult pedestrian at the vehicle’s centreline at front, rear and side
standing orientations.
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Figure A-5. HIC values for adult pedestrian at 42cm offset from the vehicle’s centreline at front,
rear and side standing orientations.
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Figure A- 6. HIC values and injury risk level for adult pedestrian in front impact position at the
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Figure A- 7. HIC values and injury risk level for adult pedestrian in rear impact position at the
vehicle’s centreline
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Figure A- 8. HIC values and injury risk level for adult pedestrian in side impact position at the
vehicle’s centreline
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Figure A- 9. HIC values and injury risk level for adult pedestrian in front impact position at 42cm
offset from the vehicle’s centreline
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Figure A- 10. HIC values and injury risk level for adult pedestrian in rear impact position
at 42cm offset from the vehicle’s centreline
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Figure A- 11. Upper neck load conditions for adult pedestrian impacts at the vehicle’s centreline
(front position)
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Figure A- 12. Upper neck load conditions for adult pedestrian impacts at the vehicle’s centreline
(rear position)
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Figure A- 13. Upper neck injury values for adult pedestrian impacts at vehicle’s centreline (front
and rear position).
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Figure A- 14. N;j values and injury risk level for adult pedestrian in front impact position at the
vehicle’s centreline
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Figure A- 15. Nkm values and injury risk level for adult pedestrian in rear impact position at the
vehicle’s centreline
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Figure A- 16. Upper neck load conditions for adult pedestrian impacts at 42cm offset from the
vehicle’s centreline (front position)
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Figure A- 17. Upper neck load conditions for adult pedestrian impacts at 42cm offset from the
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Figure A- 18. Upper neck injury values for adult pedestrian impacts at 42cm offset from the

vehicle’s centreline (front and rear position).
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Figure A- 19. N;; values and injury risk level for adult pedestrian in front impact position at 42cm
offset from the vehicle’s centreline
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Figure A- 20. Nkm values and injury risk level for adult pedestrian in rear impact position at 42cm
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Figure A- 21. Chest Contact Locations for adult pedestrian of the Auto Rickshaw
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Figure A- 22. Chest Contact Time for Frontal adult pedestrian impacts at different vehicle contact
region (centreline and offset)
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Figure A- 23. CTI values and injury risk level for adult pedestrian in front impact position at the
vehicle’s centreline
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Figure A- 24. CTI values and injury risk level for adult pedestrian in front impact position at 42cm
offset from the vehicle’s centreline
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Appendix B.

This section including the results for a 6YO-child pedestrian impacted by the auto

rickshaw during primary impacts.
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Figure B- 1. Head contact time for 6YO-child at the vehicle’s centreline in different impact
positions

Figure B-2. Effective angles of rotation for the 6'YO-child pedestrian about the headlamp of the
auto rickshaw in the front, rear and side impact at the vehicle’s centreline
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Figure B- 3. Head contact time for 6YO-child at 42cm offset from the vehicle’s centreline in
different impact positions
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Figure B-4. HIC values for 6YO-child pedestrian at the vehicle’s centreline at front, rear and side
standing orientations.
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Figure B-5. HIC values for 6YO-child pedestrian at 42cm offset from the vehicle’s centreline at

front, rear and side standing orientations.
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Figure B- 6. HIC values and injury risk level for 6YO-Child Pedestrian in front impact position at

the vehicle’s centreline
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Figure B- 8. HIC values and injury risk level for 6YO-Child Pedestrian in side impact position at

the vehicle’s centreline
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Figure B- 9. HIC values and injury risk level for 6YO-Child Pedestrian in front impact position at
42cm offset from the vehicle’s centreline
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Figure B- 10. HIC values and injury risk level for 6YO-Child Pedestrian in rear impact position at
42cm offset from the vehicle’s centreline
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Figure B- 11. HIC values and injury risk level for 6YO-Child Pedestrian in side impact position at
42cm offset from the vehicle’s centreline
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Figure B- 12. Upper neck load conditions for 6YO-Child Pedestrian impacts at the vehicle’s
centreline (front position)
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Figure B- 13. Upper neck load conditions for 6YO-Child Pedestrian impacts at 42cm offset from
the vehicle’s centreline (front position)
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Figure B- 14. Njj values and injury risk level for 6YYO-Child Pedestrian in front impact position at
the vehicle’s centreline
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Figure B- 15. Njj values and injury risk level for 6YO-Child Pedestrian in front impact position at
42cm offset from the vehicle’s centreline
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Appendix C.

This section including the compression results for adult and 6YO-child pedestrians

impacted by the auto rickshaw during primary impacts.
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Figure C- 1. Head contact time for adult and child pedestrians in front impact at the vehicle’s
centreline
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Figure C- 5. Head contact time for adult and child pedestrians in rear impact at 42cm offset from
the vehicle’s centreline
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Figure C- 6. Head contact time for adult and child pedestrians in side impact at 42cm offset from
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Table C- 1. Head injury risk for adult and child pedestrians in frontal impacts at the vehicle’s centreline

HIC Moderate Serious Severe Critical Fatal (A1S6+)
(AIS2+) % (AIS3+) % (AIS4+) % (AIS5+) % %
Adult | Child | Adult | Child | Adult | Child | Adult | Child | Adult | Child | Adult | Child
222 - 9 - 3 - 2 - 0 - 0 -
318 | 4433 | 17 30 6 10 2 3 0 0.16 0 0
689 | 913.8 | 63 85 25 45 7 14 1 2 1 0.07
964 | 1085 88 93 50 61 17 23 2 3 2 0.2
1307 | 1251 98 97 88 75 40 35 9 7 2 0.5
1538 | 1639 _ 90 93 59 68 21 29 2 4
1908 | 2091 100 100 97 99 84 91 56 74 17 37

Table C- 2. Head injury risk for adult and child pedestrians in rear impacts at the vehicle’s centreline

271

HIC Moderate Serious Severe Critical Fatal (Al1S6+)
(AIS2+) % (AIS3+) % (AIS4+) % (AIS5+) % %
Adult | Child | Adult | Child | Adult | Child | Adult | Child | Adult | Child | Adult | Child
- 201 - 7.5 - 3 - 2 - 0.04 - 0
309 | 554.2 16 46 5 3 2 5 0.08 | 0.30 0 0.01
789 | 870.7 74 82 33 16 10 12 1 132 | 0.03 | 0.05
1208 | 1295 96 97 72 41 32 38 6 8. 0.38 1
1244 | 1905 97 75 78 34 84 7 56 0.5 17
1344 | 2111 98 81 97 43 92 10 76 1 40
1412 | 2854 99
1423 | 4470 99
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Table C- 3. Head injury risk for adult and child pedestrians in side impacts at the vehicle’s centreline
HIC Moderate Serious Severe Critical Fatal (A1S6+)
(AIS2+) % (AIS3+) % (AlIS4+) % (AIS5+) % %
Adult | Child | Adult | Child | Adult | Child | Adult | Child | Adult | Child | Adult | Child
- 70 - 0.62 - 0.24 - 0.83 - 0 - 0
- 3455 - 20 - 6.39 - 2 - 0.10 - 0
- 772.4 - 73 - 31.53 - 9 - 0.84 - 0.03
47 1070 | 0.15 92 0.06 60 0.77 22 0 3.18 0 0.17
95 1540 2
147 | 1915 4
597 | 2332 52
772 | 3418 73

Table C- 4. Head injury risk for adult and child pedestrians in frontal impacts at 42cm offset from the

vehicle’s centreline

HIC Moderate Serious Severe Critical Fatal (A1S6+)
(AIS2+) % (AIS3+) % (AIS4+) % (AIS5+) % %

Adult | Child | Adult | Child | Adult | Child | Adult | Child | Adult | Child | Adult | Child
195 | 777.4 7 7325 | 243 | 3197 | 1.29 | 9.18 | 0.03 | 0.86 0 0.03
307 1009 16 89.89 | 520 | 54.12 | 190 | 18.57 | 0.08 2.44 0 0.12
690 1018 | 63.48 | 90.30 | 24.60 55 6.93 19 0.58 2.54 0.02 0.12
1359 | 1238 98 96.54 82 74.15 44 33.75 11 6.47 1 0.45
2215 | 1722
2650 | 1766
3311 | 3688
4884 | 9323
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Table C- 5. Head injury risk for adult and child pedestrians in rear impacts at 42cm offset from
the vehicle’s centreline

HIC Moderate Serious Severe Critical Fatal (AlIS6+)
(AIS2+) % (AIS3+) % (AlS4+) % (AIS5+) % %

Adult | Child | Adult | Child | Adult | Child | Adult | Child | Adult | Child | Adult | Child
- 1080 - 93 - 61 - 23 - 3 - 0.18
289 | 1335 14 98 5 81 2 42 0.07 10 0 0.78
1648 | 1470 99 93 87 69 53 30 16 5 1.68
2752 | 2270
4259 | 2569
4794 | 4569
5751 | 6618
7092 | 8388

Table C- 6. Head injury risk for adult and child pedestrians in side impacts at 42cm offset from the

vehicle’s centreline

HIC

Moderate
(AIS2+) %

Serious
(AIS3+) %

Severe
(AIS4+) %

Critical
(AIS5+) %

Fatal (AIS6+)
%

Adult

Child

Adult

Child

Adult

Child

Adult

Child

Adult

Child

Adult

Child

1433

1792

1876

1906

1978

2532

6565

85.83

50.25

14

1.36
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Table C- 7. Upper Neck injury risk for adult and child pedestrians in frontal impacts at the vehicle’s

centreline
Nij Moderate Serious Severe Critical
(AIS2+) % (AIS3+) % (A1S4+) % (A1S5+) %
Adult | Child | Adult | Child | Adult | Child | Adult | Child | Adult | Child
0.07 0.38 | 12.25 | 16.79 | 4.34 7.73 722 | 1248 | 2.34 3.35
0.07 0.9 1225 | 27.26 | 434 | 1885 | 7.22 | 2831 | 2.34 6.04
0.75 1.07 | 2393 | 3145 | 14.88 | 24.48 | 22.85 | 35.50 | 5.12 7.29
0.92 147 | 27.82 | 42.69 | 19.54 | 41.88 | 29.26 | 54.99 | 6.20 | 11.33
1.18 184 | 34.47 | 53.53 | 28.76 | 59.63 | 40.80 | 71.44 | 8.27 | 16.50
1.28 2.17 37 63.16 33. 74.00 46 82.79 9 22.73
1.29 | 2.30 | 37.49 | 66.57 | 33.62 | 78.46 | 46.11 | 86.03 | 9.33 | 25.46
1.33 249 | 38.62 | 7142 | 35.17 | 84.11 | 48.07 | 89.94 | 9.74 | 30.00
1.29 293 | 3749 | 81.04 | 33.32 | 92.76 | 46.11 | 95.58 | 9.33 | 42.30

Table C- 8. Upper Neck injury risk for adult and child pedestrians in frontal impacts at 42cm offset

from the vehicle’s centreline

Nij Moderate Serious Severe Critical
(A1S2+) % (AIS3+) % (A1S4+) % (AIS5+) %
Adult | Child | Adult | Child | Adult | Child | Adult | Child | Adult | Child
0.16 0.40 | 13.45 17 5.16 8 8.49 13 2.60 4
0.34 0.80 | 16.21 25 7.24 16 11.74 25 3.21 5
0.65 1.21 | 21.85 35 12.54 30 19.61 42 4.58 9
0.93 1.65 | 28.16 48 20 50 29.82 63 6.30 14
1.09 | 2.01 32 58 25 68 36 78 7 20
1.20 244 | 34.91 70 29.55 83 41.58 90 8.43 29
1.25 2.60 | 36.40 74 31.82 87 44.20 92 8.94 33
133 | 2.86 | 38.67 80 3537 | 92 | 4815 | 95 9.76 40
1.48 3.21 | 42.78 86 42 96 55.14 98 11.37 51
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Appendix D.

This section including the results for the adult pedestrian during secondary impacts.
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Figure D- 1. HIC values for adult pedestrian at the vehicle’s centreline at front, rear and side

standing orientations in secondary impacts

Table D- 1. Head injury risk against HIC values for adult pedestrians at the vehicle’s centreline in

front, rear and side impacts

(AIS29)% | (AIS3+)% | (AIS4+)% | (AIS5+)% | Fatal %

Impact HIC
Position

Front 4277

3426

3696

Rear 4382

3839

5617

Side 2274

6126

1260

96.88

75.74 35.49 7.09 0.51
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Figure D- 2. HIC values for adult pedestrian at 42cm offset from the vehicle’s centreline at front,
rear and side standing orientations in secondary impacts

Table D- 2. Head injury risk against HIC values for adult pedestrians at 42cm offset from the
vehicle’s centreline in front, rear and side impacts

Impact HIC (AIS2+)% | (AIS3+)% | (AlS4+)% | (AIS5+)% | Fatal %
Position
Rear - - - - - -
1957 98 86 61 22
580 49.16 17.12 4.81 0.34 0.01

Side
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Figure D- 3. Upper neck load conditions of the secondary collisions for adult pedestrian impacted
at the vehicle’s centreline in frontal impact position
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Figure D- 4. Upper neck load conditions of the secondary collisions for adult pedestrian impacted
at the vehicle’s centreline in the rear impact position
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Figure D- 5. Upper neck load conditions of the secondary collisions for adult pedestrian impacted
at the vehicle’s centreline in the side impact position
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Figure D- 6. Upper neck injury risk against upper neck injury values in secondary impacts for adult
pedestrian at the vehicle’s centreline in frontal impact position
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Figure D- 7. Upper neck injury risk against upper neck injury values in secondary impacts for adult
pedestrian at the vehicle’s centreline in the rear impact position
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Figure D- 8. Upper neck injury risk against upper neck injury values in secondary impacts for adult
pedestrian at the vehicle’s centreline in side impact position
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Figure D- 9. Upper neck load conditions of the secondary collisions or adult pedestrian impacted at
42cm offset from the vehicle’s centreline in the rear impact position
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Figure D- 2. Upper neck load conditions of the secondary collisions for adult pedestrian impacted
at 42cm offset from the vehicle’s centreline in the side impact position
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Figure D- 3. Upper neck injury risk against upper neck injury values for adult pedestrian impacts at
42cm offset from the vehicle’s centreline in the rear impact position
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Figure D- 4. Upper neck injury risk against upper neck injury values for adult pedestrian impacts at
42cm offset from the vehicle’s centreline in the side impact position
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Figure D- 5. Chest injury risk against (CTI) values for adult pedestrian impacts at the vehicle’s
centreline in the front impact position
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Figure D- 6. Chest injury risk against (CTI) values for adult pedestrian impacts at the vehicle’s
centreline in the rear impact position
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Figure D- 7. Chest injury risk against (CTI) values for adult pedestrian impacts at the vehicle’s
centreline in the side impact position
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Figure D- 8. Chest injury risk against (CTI) values for adult pedestrian impacts at 42cm offset from
the vehicle’s centreline in the rear impact position
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Figure D- 9. Chest injury risk against (CTI) values for adult pedestrian impacts at 42cm offset from
the vehicle’s centreline in the side impact position
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Appendix E.
This section including the compression results for the adult pedestrian during primary

and secondary impacts.
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Figure E- 1. Head injury risk against HIC value for adult pedestrian in front impact at the vehicle’s
centreline in the primary and secondary impacts
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Figure E- 2. Head injury risk against HIC value for adult pedestrian in rear impact at the vehicle’s
centreline in the primary and secondary impacts
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Figure E- 3. Head injury risk against HIC value for adult pedestrian in side impact at the vehicle’s

centreline in the primary and secondary impacts
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Figure E- 4. Head injury risk against HIC value for adult pedestrian in front impact at 42cm offset
from the vehicle’s centreline in the primary and secondary impacts
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Figure E- 5. Head injury risk against HIC value for adult pedestrian in rear impact at 42cm offset
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Figure E- 6. Head injury risk against HIC value for adult pedestrian in side impact at 42cm
offset from the vehicle’s centreline in the primary and secondary impacts
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Figure E- 7. Upper neck load conditions for adult pedestrian in front impact at the vehicle’s
centreline in primary and secondary collisions
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Figure E- 8. Upper neck load conditions for adult pedestrian in rear impact at the vehicle’s
centreline in primary and secondary collisions
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Figure E- 9. Upper neck load conditions for adult pedestrian in side impact at the vehicle’s

centreline in primary and secondary collisions
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Figure E- 10. Upper neck injury risk against Nij and Nkm values in the primary and secondary
collisions in front impact at the vehicle’s centreline
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Figure E- 11. Upper neck injury risk against Nij and Nkm values in the primary and secondary
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Figure E- 12. Upper neck injury risk against Nij and Nkm values in the primary and secondary

collisions in side impact at the vehicle’s centreline
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Figure E- 13. Upper neck load conditions for adult pedestrian in front impact at 42cm offset from
the vehicle’s centreline in primary and secondary collisions
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Figure E- 14. Upper neck load conditions for adult pedestrian in rear impact at 42cm offset from
the vehicle’s centreline in primary and secondary collisions
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Figure E- 15. Upper neck load conditions for adult pedestrian in side impact at 42cm offset from
the vehicle’s centreline in primary and secondary collisions
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Figure E- 16. Upper neck injury risk against Nij and Nkm values in in front impact at 42cm offset
from the vehicle’s centreline in primary and secondary impacts
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Figure E- 17. Upper neck injury risk against Nij and Nkm values in in rear impact at 42cm offset
from the vehicle’s centreline in primary and secondary impacts
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Figure E- 18. Upper neck injury risk against Nij and Nkm values in in side impact at 42cm offset
from the vehicle’s centreline in primary and secondary impacts
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Figure E- 19. Chest injury risk against CTI values in front impact at the vehicle’s centreline in
primary and secondary impacts
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Figure E- 20. Chest injury risk against CTI values in rear impact at the vehicle’s centreline in
primary and secondary impacts
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Figure E- 21. Chest injury risk against CT1 values in side impact at the vehicle’s centreline in
primary and secondary impacts
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Figure E- 22. Chest injury risk against CTI values in front impact at 42cm offset from the vehicle’s
centreline in primary and secondary impacts
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Figure E- 23. Chest injury risk against CTI values in rear impact at 42cm offset from the vehicle’s
centreline in primary and secondary impacts
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Figure E- 24. Chest injury risk against CTI values in side impact at 42cm offset from the vehicle’s
centreline in primary and secondary impacts
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Appendix F.
This section including the results for the modified auto rickshaw-adult pedestrian
impacts.
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Figure F- 1. Impact Velocity against Probability of Severe Head Injury Risk (AlS4+) for Adult
Pedestrian in frontal impact at the vehicle’s centreline
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Figure F- 2. Impact Velocity against Probability of Severe Head Injury Risk (AlIS4+) for Adult
Pedestrian in rear impact at the vehicle’s centreline
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Figure F- 3. Impact Velocity against Probability of Severe Head Injury Risk (AlS4+) for Adult
Pedestrian in side impact at the vehicle’s centreline
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Figure F- 4. Impact Velocity against Probability of Severe Head Injury Risk (AlIS4+) for Adult
Pedestrian in front impact at 42cm offset from the vehicle’s centreline
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Figure F- 5. Impact Velocity against Probability of Severe Head Injury Risk (AlIS4+) for Adult
Pedestrian in rear impact at 42cm offset from the vehicle’s centreline
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Figure F- 6. Impact Velocity against Probability of Serious Upper neck Injury Risk (AlS3+) for
Adult Pedestrian in front impact at the vehicle’s centreline
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Figure F- 7. Impact Velocity against Probability of Serious Upper neck Injury Risk (AIS3+) for
Adult Pedestrian in rear impact at the vehicle’s centreline
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Figure F- 8. Impact Velocity against Probability of Serious Upper neck Injury Risk (AIS3+) for
Adult Pedestrian in front impact at 42cm offset from the vehicle’s centreline
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Figure F- 9. Impact Velocity against Probability of Serious Upper neck Injury Risk (AIS3+) for
Adult Pedestrian in rear impact at 42cm offset from the vehicle’s centreline
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Figure F- 10. Impact Velocity against Probability of Serious Chest Injury Risk (AIS3+) for Adult
Pedestrian in front impact at the vehicle’s centreline
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Figure F- 11. Impact Velocity against Probability of Serious Chest Injury Risk (AlIS3+) for Adult

Pedestrian in front impact at 42cm offset from the vehicle’s centreline
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