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Abstract—Motor vehicle related pedestrian road traffic collisions
are a major road safety challenge, since they are a leading cause of
death and serious injury worldwide, contributing to a third of the
global disease burden. The auto rickshaw, which is a common form
of urban transport in many developing countries, plays a major
transport role, both as a vehicle for hire and for private use. The most
common auto rickshaws are quite unlike ‘typical’ four-wheel motor
vehicle, being typically characterised by three wheels, a non-tilting
sheet-metal body or open frame construction, a canvas roof and side
curtains, a small drivers’ cabin, handlebar controls and a passenger
space at the rear. Given the propensity, in developing countries, for
auto rickshaws to be used in mixed cityscapes, where pedestrians and
vehicles share the roadway, the potential for auto rickshaw impacts
with pedestrians is relatively high. Whilst auto rickshaws are used in
some Western countries, their limited number and spatial separation
from pedestrian walkways, as a result of city planning, has not
resulted in significant accident statistics. Thus, auto rickshaws have
not been subject to the vehicle impact related pedestrian crash
kinematic analyses and/or injury mechanics assessment, typically
associated with motor vehicle development in Western Europe, North
America and Japan. This study presents a parametric analysis of auto
rickshaw related pedestrian impacts by computational simulation,
using a Finite Element model of an auto rickshaw and an LS-DYNA
50t percentile male Hybrid III Anthropometric Test Device
(dummy). Parametric variables include auto rickshaw impact
velocity, auto rickshaw impact region (front, centre or offset) and
relative pedestrian impact position (front, side and rear). The output
data of each impact simulation was correlated against reported injury
metrics, Head Injury Criterion (front, side and rear), Neck injury
Criterion (front, side and rear), Abbreviated Injury Scale and reported
risk level and adds greater understanding to the issue of auto
rickshaw related pedestrian injury risk. The parametric analyses
suggest that pedestrians are subject to a relatively high risk of injury
during impacts with an auto rickshaw at velocities of 20 km/h or
greater, which during some of the impact simulations may even risk
fatalities. The present study provides valuable evidence for informing
a series of recommendations and guidelines for making the auto
rickshaw safer during collisions with pedestrians. Whilst it is
acknowledged that the present research findings are based in the field

A. J. Al-Graitti is a PhD researcher at Cardiff School of Engineering,
Cardiff University, UK who is sponsored by the Higher Committee for
Educational Development (HCED) Iraq (e-mail: al-graittiaj@cardiff.ac.uk).

G. A. Khalid is a researcher at Cardiff School of Engineering, Cardiff
University, UK and a lecturer at the College of Electrical and Electronic
Engineering Techniques, Middle Technical University, Baghdad, Iraq (e-mail:
KhalidGA @cardiff.ac.uk).

*M. D. Jones and A. Mason-Jones are lecturers at Cardiff School of
Engineering, Cardiff University, Cardiff, UK (*corresponding author, e-mail:
jonesmd1 @cardiff.ac.uk, mason-jonesa@cardiff.ac.uk).

R. Prabhu is an Assistant Professor and P. Berthelson is a M.Sc. student at
the Department of Agricultural and Biological Engineering and the Center for
Advanced Vehicular Systems at Mississippi State University, Mississippi,
USA (e-mail: rprabhu@abe.msstate.edu, prb99@msstate.edu).

of safety engineering and may over represent injury risk, compared to
“Real World” accidents, many of the simulated interactions produced
injury response values significantly greater than current threshold
curves and thus, justify their inclusion in the study. To reduce the
injury risk level and increase the safety of the auto rickshaw, there
should be a reduction in the velocity of the auto rickshaw and, or,
consideration of engineering solutions, such as retro fitting injury
mitigation technologies to those auto rickshaw contact regions which
are the subject of the greatest risk of producing pedestrian injury.

Keywords—Auto Rickshaw, finite element analysis, injury risk
level, LS-DYNA, pedestrian impact.

1. INTRODUCTION

OTOR vehicle related pedestrian road traffic collisions

are a major road safety challenge, which according to
the World Health Organization produce almost a quarter of all
road traffic related deaths [1].

Accidents in developing countries can be 70 times more
likely to occur than in developed countries and the vast
majority of road accident fatalities are vulnerable road users,
such as pedestrians [2]. Analysis of accident data in China
between 2000 and 2007 indicates that 25% of fatalities were
caused by road traffic accidents [3]. Whilst in Saudi Arabia,
the annual traffic statistics in 1999 showed that road accidents
caused almost 6000 serious pedestrian injuries and 1000
deaths [4]. In Africa, pedestrian fatality is a major issue, with
road traffic accidents accounting for an estimated 39% of all
deaths in Tanzania and 75% in Cote d'Ivoire [5]. In
Bangladesh, pedestrian accidents with auto rickshaw, buses,
trucks and tractors had a higher fatality risk than impacts with
cars [6].

Whilst many vehicle related studies have been focused on
the kinematic behaviour of pedestrian-vehicle impacts [7]-
[15], the auto rickshaw, a common form of urban transport in
many developing countries, has received relatively little
consideration [16], [17]. Collision dynamics and injury have
not been extensively and comprehensively studied for
pedestrian-auto rickshaw collisions. The auto rickshaw
typically has three wheels and a frontal geometry consisting a
mudguard with an attached headlamp, an upright body and
windscreen, a canvas roof and a small cabin, with a maximum
velocity of 55 km/h [18].

The incidents of pedestrian collisions with auto rickshaws
are high in developing countries as a consequence of the
mixed sharing of urban roads [19]-[22]. In contrast, in those
European countries, which use auto rickshaws, there are a
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comparatively small number of accidents, since, as a result of
city planning, vehicles and pedestrians are generally separated.
Improving the urban infrastructure, to separate pedestrians
from vehicles, requires very significant capital investment.
Thus, a more realisable aim is to engineer an improvement in
the auto rickshaw to improve pedestrian collision kinematics.
Vehicle-pedestrian collision accident data shows that head and
neck injury are the most common injury types and can lead to
life changing injuries, disability or even death [3], [23]-[26].
The societal cost resulting from head and neck injuries can be
considerable as services need to be provided on a long term, or
even life-long, basis [27].

Pedestrian road accident investigations have determined
that the vast majority of pedestrian impact injuries are
associated with impact velocities of between 25 km/h and 55
km/h [28], [29]. Many studies concur that the impact velocity
is a key determinant of injury severity in pedestrian-collision
[30]-[40]. Therefore, many regulations have been established
worldwide to control vehicle driving speed in urban areas. In
the UK, for example, it was legislated that between 32 km/h
and 48 km/h limits be applied in urban environments [41]. In
addition, during vehicle safety tests, 35 km/h and 40km/h were
recommended by the Global Technical Regulations (GTR) and
European New Car Safety Assessment Program (Euro-
NCAP), respectively [42], [43].

Road traffic accident data shows that 14% of pedestrians
are impacted on their anterior face, 8% on their posterior face,
almost 73% are impacted laterally and 5% were impacted
under unknown conditions [44]. In addition, 6% of the
pedestrians impacted were standing with legs together, 5%
were impacted with legs apart laterally, 65% were found to be
in a gait stance at the time of collision and 24% were in an
unknown stance [45].

Whilst many researchers have studied pedestrian head
injuries for different vehicle front-end geometries, there are
many additional auto rickshaw specific parameters which
might uniquely affect pedestrian kinematics and injury
mechanisms, such as, the unique frontal geometry, impact
position, vehicle contact surface region and impact velocity. In
addition, neck injury has not been comprehensively evaluated.

The purpose of this present study was to investigate the
influence of impact velocity, vehicle contact region and
impact position on the kinematic response and injury risk of
the pedestrian head and neck. The total pedestrian kinematics
and injury mechanism of the head and neck were analysed for
different collision scenarios, using different injury criteria, risk
levels and different injury thresholds.

II. METHOD AND MATERIALS

A parametric study was conducted, investigating the
variables of: impact velocity, pedestrian front, side and rear
impact orientation in the standing and walking positions and
the vehicle contact surface region (centreline and offset).
Vehicle frontal geometry and impact compliance property
studies were conducted with a validated FE pedestrian dummy
model [46]. The effect of impact velocity was examined with
10 different impact velocities with an auto rickshaw,

according to the frequency of involvement in real world
accidents, in terms of calculated injury parameters. The injury
parameters were compared in terms of head injury criteria
(HIC) and neck injury criteria (N;; and Ni.). The Abbreviated
Injury Scale (AIS) and injury thresholds were compared with
the risk level to indicate the threat to life.

A. Model Setup

The 50™ percentile Hybrid III adult male pedestrian FE
dummy model was utilised in this study. The dummy standing
height and weight are approximately 1680 mm and 78.6 kg,
respectively.

B. Vehicle Model

The three-wheel vehicle geometry was meshed by ANSA-
software using linear quadrilateral and triangular elements.
The overall vehicle mesh quality was controlled in the
modelling process shown in Table I. The total mass of the
auto-rickshaw, including the driver, was 373 kg, while the
centre of gravity and the moment of inertia were measured by
LS-DYNA software. To minimise computational run time the
rear vehicle 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. The
front of the auto rickshaw model consists of a mudguard,
headlamp, frontal sheet plate, sheet plate edge, windscreen,
windscreen frame and one tyre, as shown in Fig. 1. All of the
vehicle components were jointed together by using relevant
constraint types within the FE software, LS-DYNA, to
decrease the motion space.

TABLEI
ELEMENT QUALITY CONTROL PARAMETERS

Allowable Min/Max

Quality Parameter

Minimum side length 5.0
Maximum side length 100

Maximum aspect ratio 5.0
Minimum quadrilateral internal angle 45.0
Maximum quadrilateral internal angle 145.0
Minimum triangular internal angle 15.0
Maximum triangular internal angle 120.0
Maximum warp angle 15.0

% of triangles 5.0

Fig. 1 FE Model of the front of the auto rickshaw

C. Material Properties
The vehicle component materials were selected by LS-
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DYNA material library. The tyre was modelled by
MAT_ELASTIC. While the windscreen and vehicle structure
were modelled by

MAT PIECEWISE LINEAR PLASTICITY. The material
mechanical properties and shell thicknesses of the vehicle
parts are shown in Tables IT and III.

TABLE II
MATERIAL MECHANICAL PROPERTIES OF THE MODEL VEHICLE COMPONENTS

Vehicle item Mass Density (kg/mm®)  Young’s Modulus (GPa)  Poisson’s Ratio  Yield Stress (GPa)  References

Tyre 1.700e-006 24.61 0.32 - [47], [48]
Windscreen 2.500e-006 76.00 0.30 0.13 [49]-[51]
Vehicle Structure 7.890e-006 210.0 0.30 250 [49]
TABLE IIT
THICKNESS OF THE VEHICLE COMPONENTS
Vehicle item Thicknesses (mm)
Tyre 3[52]
Windscreen 5.8 [53]-[55]
Vehicle structure 1.2-2 [56]

D. Setup of the Simulations

LS-DYNA software was utilised for all of the collision
analyses, 60 simulations were conducted for one auto
rickshaw-pedestrian collision with impact velocities of 5
km/h, 10 km/h, 15 km/h, 20 km/h, 25 kmv/h, 30 km/h, 32 km/h,
35 km/h, 40 km/h and 48 km/h. The pedestrian model was
positioned in contact with two main vehicle contact regions, at
the centreline and 42 cm offset from the vehicle centreline,
with three major impact positions. Including front (face-to-
face with the vehicle), rear (back-to-face) and in a walking
posture facing laterally with the right leg forward (without a
walking speed), and the left arm positioned backward to cover
the whole possible impact scenarios, see Fig. 2. The contact
between the auto rickshaw and the dummy was defined by
AUTOMATIC _SURFACE TO SURFACE [57].
AUTOMATIC GENERAL was utilised to define the
interaction between the auto rickshaw tyre and the ground
along the moving path [58]. The contact friction coefficient,
between the pedestrian dummy parts and rickshaw was 0.65,
and the coefficient between the dummy shoes and ground was
0.7 [3], [57], [59], shown in Fig. 3. In addition, LS-DYNA
software was used to collect the post collision output data. To
reduce the uncertainty in time shifts, when comparing the
electronic data films, a Butterworth pre-filter with a frequency
of 180 of c¢/s (Hz) was used to collect the head and neck
loading and criteria, as recommended by the National
Highway Traffic Safety Administration (NHTSA) agency
[60], [61].

(@ (b)

(d)

®

Fig. 2 Auto rickshaw-pedestrian impact simulations at different
positions and contact angles;(a) Frontal impact to front of head at the
centreline of the vehicle; (b) Frontal impact to front of head, 42 cm
offset from vehicle centreline; (c) Rear impact to back of head at
centreline of the vehicle; (d) Rear impact to back of head, 42 cm
offset from vehicle centreline; () Side impact during walking to side
of head at centreline of vehicle; (f) Side impact during walking to
side of head, 42 cm offset from vehicle centreline

Fig. 3 Vehicle-pedestrian impact simulation

E. Selected Injury Parameters

The pedestrian injury risks were evaluated in terms of
selected injury parameters and tolerance levels, see Tables IV
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and VII. The Head Injury Criterion (HIC;s) and the Neck
Injury Criterion (Njj and Ny,,) were used to assess the risk of
pedestrian head and upper neck injury.

1. Head Injury and Risk Level

Head injury risk was calculated by the HIC, determined
from the correlation between resultant acceleration of the head
and the time, such as Fig. 16 in the appendix.

HIC = {— [Pa dt } ** (t; = 1) max (1)

ty—ty
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 collision, describing an interval
between the starting and the end of the recording time -
period, identifying the maximum value of HIC , i.e. (t, — t;<15
ms) [62].

The HIC injury threshold is 1000 for the front and rear
impact tests [63]-[65] and 800 for the side impacts [57]. The
thresholds in Table IV indicate an 18% probability of
sustaining a severe head injury (AIS+4) [63], such as brain
haemorrhage and/or skull fracture [63]-[67].

TABLE IV
HEAD INJURY THRESHOLDS

Impact Position Injury Threshold
1000 [63]-[65]
1000 [65]

800 [68]-[70]

Front
Rear
Side

2. Upper Neck Injury and Risk Level

The initial neck injury research: threshold, tolerance to
impact, biomechanical materials, strengths and injury
pathways were obtained by standardised Anthropomorphic
Test Devices (ATDs) to provide a criterion for predicting
injury risk to persons with varying anthropometric
characteristics for various automotive crash and restraint
systems [60], [71]-[73].

NHTSA established a neck injury criterion with four neck
loading types and critical limits for both front and rear impacts
[60], [74]. Frontal impacts are an important measure for
frontal collision related neck injury. Upper neck axial forces
and moments, measured at the occipital condyles, in the
appendix, see Tables XIII-XVI used to calculate the neck
injury criteria (Nj), and see Tables XVII and XVIII, which can
be compared against tolerance levels for axial force and
bending moments. The formulae used to calculate the Nj;:

F, M
N =2+ 2~ 2

t Fint Mint ( )

F; represents the maximum axial force (tension/

compression) and M, represents the maximum flexion
(forward)extension (rearward) bending moment [75]. Four
different load cases are associated with the neck injury
criterion (Njj), N, Ny Ngo and N, where N, represents
tension-extension, N represents tension-flexion, N
represents  compression-extension and N 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 III male dummy as shown in Table V.
The intercept values of the Hybrid III are calculated from the
output wave signal of both the load and moment, such as Figs.
17 and 18, shown in the appendices.

TABLEV
INTERCEPT LOAD VALUES FOR THE 50™ PERCENTILE HYBRID Il MALE
DUMMY FOR FRONT IMPACT

Load case Values [60]
Extension -135 N.m.
Flexion +310 N.m.
Tension force +6806 N.
Compression force -6160 N.

Rear impacts, are represented by N, force and moment are
similarly measured at the occipital condyles, see Tables XIX-
XXII in the appendices, and is based on the tolerance levels
for shear force and bending moment. The formula utilised to
calculate the Ny, is as:

i+My

N =

Fint

Mint (3)
where F, represents the maximum shear force (anterior/
posterior) and M, represents the maximum flexion (forward)/
extension (rearward) bending moment. There are four possible
load cases associated with Nyp,: the Ny, Nep, N, and N, , see
Tables XXIII and XXIV in the appendices, where Npg,
represents flexion-anterior, N, represents extension-posterior,
Ny, represents flexion-posterior and N, represents extension-
anterior. The index "int" gives a critical intercept value for
both the load and moment, as shown in Table VI. The
intercept values of the Hybrid III are calculated from the
output wave signal of both the load and moment, such as Figs.
18 and 19, shown in the appendices

TABLE VI
INTERCEPT LOAD VALUES FOR THE 50TH PERCENTILE HYBRID IIl MALE
DUMMY FOR REAR IMPACT

Values [70], [76]
47.5 N.m
+88.1 N.m
+845 N

Load case

Extension
Flexion
Shear force

TABLE VII
NECK INJURY THRESHOLDS

Impact Position
Front Nj;
Rear Ny,

Side Nj;

Injury Threshold
1[74]
1[77]
1[78]

Both Njj and Ny, threshold values of 1 are widely utilised
for the upper neck injury assessments for the front, rear and
side impact tests [74], [77], [78]. These thresholds, shown in
Table VII, correspond with a 22% probability of sustaining
serious neck injury (AIS+3) [74], which are associated with a
risk of rupture of small blood vessels of the occipital condylar
joints. An increasing Nj; and Ny, are associated with ligament
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rapture, damage to the spinal cord, brainstem and death [74],
[791, [80].

3. The AIS with the Risk Levels

The AIS has six levels of increasing risk of ‘threat to life’
as: 1. is considered minor, 2. is moderate, 3. is serious, 4. is
severe, 5. is critical and 6. is fatal injury [81]-[84]. The AIS
was used to investigate the injury risk level of the dummy
head and neck.

Severe head injury (AIS+4) was used to assess head injury
risk for front, rear and side impacts using the formula [85]:

AIS > 4 = {1 + 6(5.02—0.00351*HIC)}_1 (4)

and serious neck injury (AIS+3) was used to assess the risk of
upper neck injury for front and rear collisions using NHTSA
formula [53]:

1
AI > -
S = 3 1+e3.227—1.969N-- (5)

ij

III. RESULTS

A. Pedestrian Kinematic Response

In general, the impact contact time between the impacted
pedestrian body parts and the impacting vehicle decreases
with increasing impact velocity for the 10 different collision
velocities. Dummy kinematics were captured for all of the
collision simulations. Examples of 30 km/h impact related
kinematic responses are provided for three different pedestrian
impact positions against two vehicle contact regions are
illustrated in Fig. 4.

All the sequences of pedestrian-vehicle interaction and
contact time, during the impact simulations, are shown in
Tables VIII and IX. Fig. 4 shows the kinematic response of the
adult dummy impacted at 30 km/h at the auto rickshaw
centreline and 42 cm offset from the centreline.

Fig. 4 (a) shows the kinematic response of impacts at the
vehicle centreline for front, rear and side pedestrian impact
orientations.

Frontal impact occurred between the pedestrian knees and
the front head lamp. Tibial contact occurred with the
mudguard, followed by the lower torso contacting the frontal
vehicle edge (the windscreen frame) and the upper torso,
specifically the chest, impacting with the windscreen. The
head was accelerated in both the forward and vertical
directions, colliding with the upper windscreen and upper part
of the windscreen frame at the same time. Finally, the adult
pedestrian moved in the backward direction with simple
rotation towards the left side of the vehicle.

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, producing a
high impact force. Right and left hands produced a glancing
impact with the lower frontal sheet plate, and then the upper
torso struck the windscreen. The head contacted with the
upper vehicle windscreen frame. Then, the adult pedestrian
moved in the forward direction, though was not rotated.

Side impact occurred between the right knee and head lamp,
which produced pedestrian ankle pro and supination and a
high force, concentrated at the right hand and arm, as a result
of contact with the lower frontal sheet plate and frontal
leading edge. In addition, the right arm pushed behind the
pedestrian upper torso and the femur rotate in accordance with
auto rickshaw frontal vehicle geometry. Subsequently, the
upper right arm impacted 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 right side of the vehicle.

Fig. 4 (b) shows the kinematic response of pedestrian
impacted at 42 cm offset from the vehicle centreline. Front
offset impact occurred between the lower torso and the frontal
offset vehicle edge producing a high force. The right femur
struck at the frontal lower sheet plate, the right hand and arm
were impacted by the frontal vehicle edge and the frontal
lower sheet plate. Subsequently, the upper torso, specifically
the chest, interacted with the windscreen, the right knee
impacted with the frontal lower sheet plate and the head with
the upper side of the windscreen region. Finally, the dummy
rotated, and the left femur contacted with the frontal lower
sheet plate and the right side of the vehicle.

TABLE VIII
THE SEQUENCE OF PEDESTRIAN-VEHICLE INTERACTION AND CONTACT TIME
AT THE VEHICLE CENTRELINE

Impact . . Pedestrian Contact Contact
Position Vehicle Contact Region Region Time (ms)
Front head lamp Knees 0-20
Mudguard Tibia 0-35
Frf)nt vehicle edge Lower torso 30-75
(windscreen frame)
Front Upper torso
Windscreen specifically the chest 3575
Upper windscreen and Head 50-65
upper frame
Front head lamp Knees 0-17
Mudguard Tibia 2-47
Rear Frqntal vehicle edge Lower torso 27-54
(windscreen frame)
Windscreen Upper torso 62-72
Upper windscreen frame Head 82-92
Headlamp Right knee 0-49

Lower front sheet plate
and front leading edge
Windscreen
Upper side of the
windscreen frame

Right hand and arm 22-27
Sid
e Upper right arm 52-85

Head 100-105

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
dummy was subsequently rotated to the right of the vehicle,
the head simultaneously impacted with the upper side corner
of the windscreen and windscreen frame. No impacts occurred
at the upper torso.

The initial offset side impact occurred between the right
arm and the right leading edge and the right hand impacted
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with the lower front sheet plate. Subsequently, the right hand
twisted behind the upper torso and the whole body rotated to
the right of the vehicle, such that the right femur struck the
lower sheet plate. The dummy subsequently turned to face the
vehicle. However, no torso or head contact occurred. Finally,
the dummy rotated further to the right 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, then impact occurred with other pedestrian body
regions, as shown in Table IX. The rotational dynamic for the
pedestrian was the significant kinematic response in all impact
positions. However, only during the side impact was there a
simple rotation about the longitudinal axis.

WA
A S

Side

Front

Side

T=75m

T=150 T=220
(b)

Fig. 4 The kinematic response of adult pedestrian dummy impacted at
different vehicle regions and impact positions; (a) pedestrian
impacted at the vehicle centre in front, rear and side position; (b)
pedestrian impacted at 42 cm offset of the vehicle centre in front, rear
and side position at 30 km/h

B. Head Contact Locations, Angles, and Time

From the impact simulations, it is established that the head
contact angles vary greatly depending on impact location and
vehicle contact region, see Table X. The windscreen and the

windscreen frame are the most frequently impacted, stiffest
and most injurious vehicle components, as shown in Fig. 5.

TABLE IX
THE SEQUENCE OF PEDESTRIAN-VEHICLE INTERACTION AND CONTACT TIME
AT 42 CM FROM THE VEHICLE CENTRELINE

Impgct Vehicle Contact Region Pedestrlag Contact Contact
Position Region Time (ms)
Front offset edge Lower torso 043
Front offset edge Right femur 5-32
Front edge and lower sheet Right hand and arm 11-15
plate
Front Upper torso
Windscreen pp y 12-47
specifically chest
Front lower sheet plate Right knee 17-32
Upper side windscreen Head 24-27
Front leading edge Lower torso 0-27
Front leading edge Left arm 7-12
Rear 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
Sid Right leading edge Right arm 0
ide
Lower front sheet plate Right hand 2-5
Lower sheet plate Right femur 47
- No torso contact -
- No head contact -
Side R P~
Centre Centre
Impact Impact
Rear
Offset Front
Impact Centre
Impact
Front
Offset
Impact

Fig. 5 Head contact locations of the auto rickshaw

TABLE X
HEAD CONTACT ANGLES DURING VARIOUS IMPACT POSITIONS

Impact Position Head Impact Angles (Degrees)

Rear-centre 18
Rear-offset 47
Front-centre 31
Front-offset 24
Side-centre 45

During all of the impact simulations, though the head
contact time was different for various impact positions and
vehicle contact regions, the high velocity of collision resulted
in short head contact times. No contacts occurred between the
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head and vehicle components at 5 km/h during any collision
scenario and side impacts appeared to be the safest for head

200

180 |

160 |

g B 3

8o |

Head Contact Time (ms)

60 |
a0 |

20 £

injury, since no head contacts occurred during the impact
simulations, see Fig. 6.

—a&— Rear-Centre

Rear-Offset
—— Front-Centre
—— Front-Offset

—&— Side-Centre in walking
position

Fig. 6 Head contact time at different impact positions

4000 T 4 RearCentre
3500 | #— Front-Centre
| — e Side-Centre
3000 + ... Front & Rear impact threshold
b =1000
aso0 £ T %Si?npm)mmm (HIC=800)
512000 |
1500 |
1000 1
500 |
ol

25 30 35 40 45 50

Impact Velocity (km/h)

Fig. 7 HIC for impacts at the vehicle centreline at front, rear and side standing orientations

C. Head Injury and Injury Risk Level

1. Head Impact at the Centreline of the Vehicle

HIC for head impacts at different locations (front, rear and
side) about the centreline of the vehicle are shown in Fig. 7.
The HIC values increase significantly with vehicle impact
velocity. For impacts to the front of the dummy, the HIC
threshold (1000=HIC) was exceeded at 30 km/h. Whilst for
rear impacts it exceeded the threshold (1000) at 2 km/h and for
side impacts the threshold (800) was exceeded at 48 km/h.

The Association for the Advancement of Automotive
Medicine (AAAM) specify the AIS for severe head injury as
AIS+4, which corresponds with injuries including vault
fractures, exposure or loss of brain tissue and small epidural or
subdural haematomas [86]. To compare the effect of collision
position, vehicle contact region and impact velocity on head

injury risk, a level of risk, corresponding with severe injury
(AIS4+), was considered, based on the HIC for the adult
pedestrian Hybrid III male dummy in collision with the auto
rickshaw at impact velocities between 5 km/h and 48 km/h.
Table XI, shows the probability of severe head injury
increasing with increasing impact velocity.

Notably, an impact to the front at a velocity of 48 km/h
corresponded with an almost 100% risk of an AIS+4 injury.
For side impacts, the risk of severe head injury increased
slightly between 25 km/h to 40 km/h, whilst increasing
significantly at 48 km/h. Impacts to the rear corresponded with
a steady increase in head injury risk.

2. Impacts at 42 cm Offset from Vehicle Centreline

HIC for head impacts at different locations (front, rear and
side) offset at 42 cm from the centreline of the vehicle are
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shown in Fig. 8. The HIC increased considerably with vehicle
impact velocity. The HIC values are observed to have
exceeded the frontal head impact threshold at 25 km/h and
rear impacts at 20 km/h. Notably, there were no impacts to the
side of the head during offset side impacts. For pedestrian
impacts, at an offset of 42 cm from the vehicle centre, a
correlation can be established between impact velocity and the
percentage risk of severe head injury AIS+4, see Table XI. For
frontal impacts, AIS+4 risk increased to 100% at 35 km/h, for
rear impacts risk, it increased to 100% at 30 km/h and side
impacts were absent. Therefore, the risk of sustaining a severe
head injury (AIS+4) increased with increasing impact
velocity. Moreover, the probability of an AIS+4 injury

depends on impact positions and vehicle contact region. Thus,
it is clearly established that pedestrian impacts at velocities of
30 km/h or greater in the front offset position exceed the HIC
threshold for risk of serious injury. In an attempt at deriving a
simple solution to mitigating injury risk, Auto rickshaw
windscreen thickness, which is 5.8 mm, was reduced to a
thickness of 5 mm. From Fig. 9, it is clearly demonstrated that
the 0.8 mm (13.8%) reduction in thickness produced only a
6.3% reduction in HIC and a corresponding reduction in
resultant peak linear acceleration from 273 g to 250 g. Thus,
confirming that injury risk remains high and cannot be
mitigated simply by reducing windscreen thickness.

12000
r Rear-Offset
10000 | Fron
. Front & Rear impact threshold
(HIC=1000)
8000 -
S 6000
4000 -
2000 -
0 t r—_kl./ t t t t t 1
0 5 10 15 20 25 30 35 40 45 50
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Fig. 8 HIC for impacts at a 42 cm offset from the vehicle centreline at two standing orientations
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Fig. 9 Example of head acceleration curves for front 30 km/h offset impacts with two different windscreen thicknesses
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TABLE XI
IMPACT VELOCITY AGAINST BODY ORIENTATION RISK OF SEVERE HEAD
INJURY (AIS+4)
Impact Rear- pcar-offset o0t Front- o je-centre
Velocity ~ centre centre offset
(km/h)  AIS+4%  AIS+4% AlIS+4% AlIS+4% AlIS+4%
5 - - - - -
10 - - 1.42 1.29 -
15 1.92 1.79 2.46 1.90 -
20 9.53 68.23* 6.91 6.92 -
25 31.43* 99.04* 16.27 43.78% 0.77
30 34.22% 100.00* 39.35% 94.02%* 0.91
32 39.10% 100.00* 59.35% 98.64* 1.09
35 48.40* 100.00* 84.25% 99.86* 5.09
40 49.37* 100.00* 97.28* 100.00* 9.02
48 71.55% 100.00* 99.92* 100.00* 53.31*

*Probability of AIS+4 exceeds the threshold.

D. Upper Neck Injury and Injury Risk Level

1. Impacts at the Centreline of the Vehicle

Neck injury risk is represented by the Neck Injury Criterion,

Nij Load Cases

1.60 1
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0.60 -

0.40 -
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0.00
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]
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T

Nj and Ny, for the front and rear impact positions,
respectively. For the front position, Nj; values were determined
by selecting the worst case load condition, from each of the
different collision velocities, see Fig. 10. The compression-
extension (N.) was the worst case at 5 km/h and 10 km/h,
respectively. Whilst tension-extension (N,) has been selected
as the worst possible load case, in terms of Nj, at impact
velocities between 15 km/h and 48km/h, for rear impacts, Ny,
values were identified by selecting the worst case load
condition during each of the different collision velocities, see
Fig. 11. The flexion-anterior (Ng) was the worst case at 5
km/h and extension-posterior (Ngp) at 10 km/h. While, at 15
km/h, 20 km/h and 25 km/h, the flexion-posterior (Ng,) load
case was the maximum peak between all of the upper neck
load conditions and the flexion-anterior (Ng) value was
selected at 30 km/h as the worst case. Extension - anterior
(Ne,) was the worst upper neck load case at 32 km/h. Finally,
it appeared that the extension-posterior (N.,) was the
maximum load between 35 km/h and 48 km/h, see Fig. 11.
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Fig. 10 Upper neck load conditions for pedestrian impacts at the vehicle centreline (front position)
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Fig. 11 Upper neck load conditions for pedestrian impacts at the vehicle centreline (rear position)
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The maximum load conditions for the front and rear
impacts (shown in Figs. 10 and 11) were selected to represent
the worst case upper neck load situations, see Fig. 12. Both Nj;
and Ny, were observed to increase considerably with vehicle
impact velocity. Nj; exceeded the frontal impact threshold at
25 km/h, and Ny, exceeded the rear impact threshold at 10
km/h, which indicates a significantly greater upper neck injury
vulnerability to rear impacts.

The influence of impact position, contact region and
velocity on upper neck injury was investigated. Serious neck
injury risk was assessed by relating Nj and Ny, to the AIS at a
level of AIS3+, shown in Table XII. The risk of serious upper
neck injury is seen to increase with impact velocity. An
increasing neck injury risk from front impacts was in evidence
between 5 km/h and 48 km/h, exceeding the threshold of 22%
injury risk at 25 km/h. Rear impacts show a very significant

W

increase in neck injury risk across the range of impact
velocities exceeding the 22% injury risk threshold at 10 km/h
and 100% risk at 35 km/h.

2. Impacts at 42 cm Offset from Vehicle Centreline

Impacts at a 42 cm offset from the vehicle centreline
required consideration of both front (Nj) and rear (Nyp)
impact loading of the neck. For front impacts (shown Fig. 13),
the compression-extension (N,.) worst case occurred at Skm/h,
tension-extension (N¢) impacts in excess of 10 km/h and
tension-flexion (Nyf) at 30 km/h and 40 km/h. For rear impacts
(Nim), shown in Fig. 14, the flexion - posterior (Ng) worst
case was at 5 km/h, the flexion - anterior (Ng,) at 10 km/h,
flexion - posterior (Ng,) between 15 km/h and 20 km/h and
extension - posterior (Ngp) at 25 km/h to 48 km/h.
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Fig. 12 Upper neck injury values for pedestrian impacts at vehicle centreline (front and rear position)
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Fig 13 Upper neck load conditions for pedestrian impacts at 42cm offset of vehicle centre (front position)
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Fig. 14 Upper neck load conditions for pedestrian impacts at 42cm offset of vehicle centreline (rear position)
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Fig. 15 Upper neck injury values for pedestrian impacts at 42 cm offset of the vehicle centre (front and rear position)

The worst load conditions for Njj and Ny, were chosen from
Figs. 13 and 14, to represent the neck injury value and
evaluate the risk of serious neck injury. Fig. 15 shows that

25 30

35

40

45 50

TABLE XII

PROBABILITY OF SERIOUS UPPER NECK INJURY (AIS+3)

Impact Velocity Rear-centre  Rear-offset  Front-centre

AIS+3 (%) AIS+3 (%)

AIS+3 (%)

Front-offset
AIS+3 (%)

both Nj; and Ny, increased significantly with impact velocity. (knsl/h)
For frontal impacts, N; exceeded the threshold at 25 km/h; 0
whilst for rear impacts, Ny, exceeded the threshold at 15 km/h. s
Therefore, the rear impact position is considered the worst- 20
case scenario with a high risk of severe neck injury, regardless 25
of vehicle contact region (centreline or offset). 30
From Table XII, it can be seen that the risk of sustaining a 32
serious neck injury increases with increasing impact velocity. 35
Whilst the risk of injury from frontal impacts was observed to 40
steadily increase with increasing impact velocities during rear 48

impacts, a significant raise is seen in the probability of
sustaining an AIS+3 level injury across all simulated impact
velocities. Furthermore, the 22% injury threshold was
exceeded at 15 km/h and the 100% threshold at 30 km/h.

7.24
33.23*
51.77*
69.37*
76.48*
83.29%
93.34%
99.67*
99.91*
99.98*

8.04

17.28
31.83*
44.19%
76.24*
99.50%*
99.70*
99.83*
99.95%
99.96*

4.34
434
14.88
19.54
28.76*
33.04*
33.62%
35.17*
33.32%
35.87*

5.16

7.24
12.54
20.00
25.25%
29.55%
31.82%
35.37*
42.03*
67.30%

*Probability of AIS+3 exceeding the threshold.

IV.DISCUSSION

A. Pedestrian Kinematic Response

Real-world pedestrian impacts occur with highly variable
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initial pedestrian kinematic and kinetic conditions. Small
postural perturbations significantly influence vehicle impact
kinematics and kinetics. This study investigated the kinematic
response of an adult pedestrian, impacted by an auto rickshaw,
subject to a narrow range of very specific initial conditions,
since its objective was to computationally simulate the
relatively unfamiliar impact biomechanics, compared to the
common four-wheeled vehicles. The 50 percentile male
Hybrid III was integrated with an auto rickshaw finite element
model at a range of pre-impact velocities (5 km/h to 48 km/h).
The influence of the pedestrian position during impact was
investigated by varying three orientations (front, rear and side;
relative to the vehicle) and two standing/gait postures, for a
total of six simulated impact configurations. Pedestrian
kinematics and injury risks were assessed and compared
across all simulations.

In general, simulated frontal vehicle-pedestrian impacts
produced high momentum transfer to the pedestrian in the
forward direction as a result of contacts with the upper leg, hip
and torso. With respect to the auto rickshaw, however, initial
contact with the pedestrian occurred most frequently between
regions of the lower limbs, significantly below the
pedestrian’s centre of gravity and the lower frontal vehicle
parts (headlamp, mudguard and frontal sheet plate). This
introduced many impact related kinematic perturbations, offset
from the vehicle centreline, thus, influencing the subsequent
dynamic response of the pedestrian.

With respect to subsequent direct impact between the front
vehicle components and the pedestrian torso, impacts at the
centreline prevented body rotation. Side impact to a walking
posture produced rotation around the 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 [87]. Rear impacts
produced momentum change principally at the lower and
upper torso regions from contact with the lower parts of the
windscreen and windscreen frame. Rear impact kinematic
response was similar to the front impact in that little or no
rotation was produced. The most significant post impact
kinematic behaviour was rotation, when the dummy was
impacted by the vehicle 42 cm offset from the centreline, due
to impact asymmetry about the right and left side. In addition,
side offset impact position produced imbalance and
subsequent rotation around the longitudinal axis, as a result of
three-wheel vehicle design, pedestrian mass, impact position
with respect to the frontal side edge of the vehicle and walking
posture, which generate a deceleration resistance 140 ms post
impact, as shown in Fig. 4. In conclusion, the kinematic
response of a pedestrian impacted by an auto rickshaw is most
significantly influenced by pedestrian vehicle contact region,
impact position and pedestrian posture, respectively.

B. Head Contact Locations, Angles, and Time

With respect to head impact, across all the vehicle
pedestrian impact simulations, the most frequently impacted
vehicle region was the windscreen and windscreen frame, see
Fig. 5.

Changes in pedestrian impact position and vehicle contact
region produced variations in head impact angles and head
contact location; see Fig. 5 and Table X.

Head contact time was investigated at different impact
velocities, with different impact positions and two vehicle
contact regions (centreline and offset), see Fig. 6. Three
pedestrian orientations were investigated for impacts at the
centreline of the auto rickshaw. Front impacts produced no
vehicle head impact at 5 km/h. Whilst, at velocities of 10
km/h, 20 km/h, 25 km/h, 30 km/h, 32 km/h, 35 km/h, 40 km/h
and 48 km/h impact durations were produced as follows: 177
ms, 122 ms, 93 ms, 75 ms, 65 ms, 60 ms, 55 ms, 50 ms, 43
ms, respectively. For rear impacts, there were no head contacts
at 5 km/h and 10 km/h. However, velocities of 15 km/h, 20
km/h, 25 km/h, 30 km/h, 32 km/h, 35 km/h, 40 km/h, 48 km/h
produced impact durations of 153 ms, 120 ms, 100 ms, 85 ms,
83 ms, 78 ms, 70 ms and 60 ms, respectively. Side impacts
produced no head impacts at 5 km/h, 10 km/h, 15 km/h and 20
km/h. However, at 25 km/h, 30 km/h, 32 km/h, 35 km/h, 40
km/h and 48 km/h head impact durations of 118 ms, 105 ms,
98 ms, 85 ms, 75 ms and 63 ms were produced, respectively.
Front pedestrian impacts at 42 cm offset from the vehicle
centreline produced no head contacts at 5 km/h. Impact
velocities of 10 km/h, 15 km/h, 20 kmv/h, 25 km/h, 30 km/h, 32
km/h, 35 km/h, 40 km/h, and 48 km/h, produced head contact
times of 78 ms, 50 ms, 38 ms, 33 ms, 27 ms, 25 ms, 25 ms, 23
ms and 20 ms, respectively, see Fig. 6. For rear impacts, no
head contacts occurred at 5 km/h and 10 km/h. However,
impact velocities of 15 km/h, 20 km/h, 30 km/h, 32 km/h, 35
km/h, 40 km/h and 48 km/h produced impact durations of 118
ms, 85 ms, 70 ms, 62 ms, 58 ms, 55 ms, 48 ms and 40 ms,
respectively. Side impacts produced no head contacts across
the range of impact velocities.

From Fig. 6, it can be seen that head contact time reduced
with increasing impact velocity for all impact positions and
vehicle contact regions as a result of increasing head
accelerations. The simulation results show a close agreement
with the data outlined in previous studies [3], [12], [88], [89].
Furthermore, the automotive designers can use these
parameters to enhance active safety, such as pop up,
Autonomous Braking Systems (ABS) and air bag
technologies, considering the activation time protection with
different pedestrian detection sensors [89]-[91].

C. Head Injury and Injury Risk Level

Changes in pedestrian impact position and vehicle contact
region produced variations in head impact angles. HIC and
head injury risk level varied considerably with impact
position, vehicle contact region and impact velocity. Offset
collisions produced the most dynamic impacts, with high HIC
values being produced as a result of significant head
kinematics prior to impact.

HIC values exceeding the injury risk threshold (HIC=1000
for front and rear impacts and 800 for side impacts) these
thresholds correspond with an 18% risk of severe head injury
(AIS+4) and are associated with bone structure deformation,
soft tissue, skull fractures and brain contusions and lacerations
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[63]-[68], [70], [92], [93].

HIC values were derived from the pedestrian impacts. For
front centreline impacts, no head contact occurred at 5 km/h.
Contacts were produced at 10 km/h and HIC values were
observed to increase between 10 km/h, 15 km/h, 20 km/h, 25
km/h, 30 km/h, 32 km/h, 35 km/h, 40 km/h and 48 km/h to
produce values of 222, 318, 689, 964, 1307, 1538, 1908, 2449
and 3450, respectively. The values exceed the head injury
threshold, HIC=1000, between the velocities of 30 km/h and
48 km/h, shown in Fig. 7, corresponding with severe head
injury (AIS+4) as shown in Table. XI. However, whilst HIC
values are less than the injury threshold at 10 km/h, 15 km/h,
20 km/h and 25 km/h, they still represent a severe head injury
risk, as shown in Table. XI. For rear impacts, no head contact
occurred at 5 a km/h and 10 km/h; however, impacts at 15
km/h, 20 km/h, 25 km/h, 30 km/h, 32 km/h, 35 km/h, 40 km/h
and 48 km/h, corresponded with HIC values of 309, 789,
1208, 1244, 13044, 1412, 1423 and 1693, respectively, as
shown in Fig. 7. Therefore, the results emphasise that the HIC
values exceed the threshold (HIC=1000) at 25 km/h or greater,
as shown in Fig. 7. Corresponding with severe head injury
(AIS+4), as illustrated in Table XI. HIC values, produced
between 5 km/h and 20 km/h, whilst being less than the
threshold, are still associated with head injury risk, as shown
in Table XI.

For side impacts, no head contact was produced between 5
km/h and 20 km/h. The HIC values were low compared to
front and rear impacts; though increased steadily. Impact
velocities of 25 km/h, 30 km/h, 32 km/h, 35 km/h, 40 km/h
and 45 km/h corresponded with values of 47, 95, 147, 597,
772 and 1468, respectively, as illustrated in Fig. 7. In addition,
the percentage risk of sustaining severe head injury (AIS+4)
was relatively small between 25 km/h and 40 km/h compared
with front and rear impacts, as shown in Table. XI. Only at 48
km/h did the HIC value exceed the 800 threshold.

For 5 km/h, 42 cm offset frontal impacts; no HIC value was
produced, since no head contact occurred. Impact velocities of
10 km/h, 15 km/h, 20 km/h, 25 km/h, 30 km/h, 32 km/h, 35
km/h, 40 km/h and 48 km/h produced HIC values of 195, 307,
690, 1359, 2215, 2650, 3311, 4884 and 8057, respectively. In
addition, velocities between 25 km/h to 48 km/h h produced
HIC values exceeding the 1000 threshold, shown in Fig. &,
corresponding with severe head injury (AIS+4), as shown in
Table XI. Whilst the HIC values at 10 km/h, 15 km/h and 20
km/h are less than the injury threshold, they still represent a
head injury risk, as shown in Table XI. For offset rear impact
simulations, no HIC values were produced at 5 km/h and 10
km/h, though they increased significantly between 15 km/h
and 48 km/h. Velocities of 15 km/h, 20 km/h, 25 km/h, 30
km/h, 32 km/h, 35 km/h, 40 km/h and 48 km/h produced
values of 289, 1648, 2752, 4259, 4794, 5751, 7092 and 9878,
respectively, as demonstrated in Fig. 8. Furthermore, the HIC
value exceeded the 1000 threshold at 20 km/h and greater,
shown in Fig. 8, severe head injury (AIS+4) is shown in
Table. XI. The HIC value at 15 km/h, whilst not exceeding the
injury threshold, is still associated with a head injury risk, as
shown in Table. XI. For the side impact, no head injury was

observed, since no head impact was produced at any of the
impact velocities. Therefore, the HIC and head injury risk
level varied considerably with impact position, vehicle contact
region and impact velocity. Offset collisions produced the
most dynamic impacts, with high HIC values being produced
as a result of significant head kinematics prior to impact.

The walking posture offset side impacts produced no head
contacts with the vehicle, due to the significant pedestrian
rotations, which were a result of asymmetry about the right
and the left side of the dummy; while, an impact velocity
below 20 km/h was associated with the lowest risk of severe
head injury (AIS+4), less than 18%, as shown in Fig. 8§ and
Table XI.

D. Upper Neck and Injury Risk Level

The upper neck is a vulnerable region to injury, which is
strongly associated with head movement. Upper neck injury
risk is represented by the Neck Injury Criterion (Njj and Nyy),
which is produced by considering the combination of force
and moment, measured at the occipital condyles. Neck injury
criterion (Njj and Nyy), is applied using neck injury thresholds,
which is N =1 and Ny, =1, reported in [74], [77]. This
indicates a 22% risk of serious neck injury (AIS+3) [74],
which is associated with the rupture of small blood vessels of
the occipital condylar joints, alar ligament rupture, damage to
spinal cord (disc rupture and nerve root damage) and
brainstem, and even death [74], [79], [80], [94]. Pedestrian
impacts at the centreline of the vehicle were assessed for
frontal impacts by the Neck Injury Criterion, Nj., as shown in
Fig. 10, which illustrated the upper neck load cases of the
pedestrian impacts, calculated based on the combination of
axial force and moment using (2). It appeared that the
compression-extension load case (N.) represents the
maximum load case of Nj at both 5 km/h and 10 km/h,
corresponding with 0.16 and 0.2, respectively. However, the
tension-extension load case (N,.) represent the worst neck load
with Njj values, at 15 kmv/h, 20 knvh, 25 kmv/h, 30 km/h, 32
km/h, 35 km/h, 40 km/h and 48 km/h, of 0.65, 0.93, 1.09,
1.12, 1.14, 1.20, 1.30 and 2.01, respectively. The neck injury
load cases (compression-flexion (N.) and tension-flexion
(Ny)) have been excluded from the upper neck injury
assessment of the front impact, since their values were lower
than the worst-case injury cases ((Nc), (Ni)). The impact
velocity exceeds the upper neck injury threshold (N;=1) at 25
km/h and greater, as shown in Fig. 12, and serious neck injury
(AIS+3) is shown in Table XII, by using (5). Other neck
injury values were lower than injury thresholds at 5 km/h, 10
km/h, 15 km/h, 20 km/h, though still represent a serious injury
risk, see Table XII.

Rear impact related neck injury risk at the vehicle centreline
was assessed by the Neck Injury Criterion, Ny, calculated
based on the combination of shear force and moment using
(3), as shown in Fig. 11. Flexion-anterior (Ng) denotes the
maximum load value of Ny, at 5 km/h (0.35), which indicated
a forward motion. Extension-posterior (Ng,) condition,
indicated a rearward motion at 10km/h, with 1.29. However,
the flexion-posterior (Ng) condition, indicates the forward
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motion, was maximal at 15 km/h, 20 km/h, and 25 km/h,
corresponding with values of 1.68, 2.06, and 2.25,
respectively. The flexion-anterior (Ng) load condition
indicated a forward motion at 30km/h corresponding with a
value of 2.47. Extension-posterior (N.) load conditions
produced the, highest risk upper neck load case, with a
rearward motion at 32 km/h corresponding with a value of
2.99. Extension-posterior (N,), was a rearward motion at 35
km/h, 40 km/h and 48 km/h, producing values of 4.65, 5.20
and 5.94, respectively. Extension-anterior (N¢,) was excluded
from the upper neck injury evaluation, since, it produced the
lowest worst case ((Ng), (Nep), (Ng)). So, Velocities between
10 km/h and 48 km/h exceeded the upper neck injury
threshold (Ny,,=1), see Fig. 12, corresponding to serious neck
injury (AIS+3), shown in Table XII. A velocity of 5 km/h,
whilst producing values less than the neck injury threshold,
still represents a risk of serious neck injury, as shown in Table
XII.

Neck injury risk for impacts at a 42 cm offset from the
vehicle centreline was assessed by Neck Injury Criterion, Nj
for frontal impacts, as shown in Fig. 13. Calculated based on
combination of axial force and moment, using (2) the worst
case at 5 km/h was produced in compression-extension (N¢.)
corresponding to a value of 0.16. Tension-extension (N.) was
the worst case neck load at 10 km/h, 15 km/h, 20 km/h, 25
km/h, 30 km/h, 32 km/h, 35 km/h, 40 km/h and 48 km/h
producing an Nj of 0.34, 0.65, 0.93, 1.09, 1.12, 1.14, 1.20,
1.30 and 2.01, respectively.

The neck injury load cases of tension-flexion (Ni) and
compression-flexion (N.f)) were disregarded from upper neck
injury assessment for the front offset impacts, since the values
were the lowest worst case injury risk ((N¢.), (Ne))-

The impacts exceeded the upper neck injury threshold
(Nj=1) at 25 km/h or greater, as shown in Fig. 15 and serious
neck injury (AIS+3), as shown in Table XII. Whilst the neck
injury values at 5 km/h, 10 km/h, 15 km/h, and 20 km/h were
less than the neck injury threshold, they still represent serious
injury risk, as shown in Table XII.

Offset rear impacts, shown in Fig. 14, were evaluated,
based on a combination of shear force and moment, using (3).
Forward motion produced the greatest risk of injury during
impacts at velocities between 5 km/h and 20 km/h. Flexion-
posterior (Ng,) represents the worst risk of Ny, at 5 km/h,
corresponding with a value of 0.4. Whilst, flexion-anterior
(Ng,) at 10 km/h corresponded with 0.84. The flexion-posterior
(Nyp) showed the maximum upper neck load, when the impact
occurred at velocities km/h between 15 km/h and 20 km/h,
corresponding with 1.01 and 1.63, respectively. However, the
extension-posterior (N.,) provided the greatest risk of neck
injury from a rearward motion at 25 km/h, 30 km/h, 32 km/h,
35 km/h, 40 km/h and 48 km/h corresponding with 2.23, 4.32,
4.88, 5.52 and 5.60, respectively. Extension-anterior (N.,) was
excluded from the neck injury assessment, since, it was mainly
lower than other upper neck load cases. So, these results
exceeded the upper neck injury threshold (Ny,,=1) between 15
km/h and 48 km/h, as shown in Fig. 15 and sustaining serious
neck injury (AIS+3), as reported in Table XII. However, the

other neck injury values at 5 kmvh and, 10 km/h were less than
the neck injury threshold, although still represent injury risk,
as shown in Table XII. Even when no head contact occurred,
such as rear-centre impacts, high neck loading occurred
corresponding with injury risk.

In terms of impact velocity for pedestrian impacts to the
front (N;j) and rear (Ny,), increasing velocity produced
increasing risk, as shown in Figs. 12 and 15, and Table XII.

With respect to pedestrian impact position, the values of the
upper neck injury for rear impacts (Ny,) were greater than
upper neck injury values (Nj) for frontal impacts at all impact
vehicle velocities and contact regions (centreline and offset),
as shown in Figs.12 and 15. Side impact related upper neck
injury has not been investigated and is recommended for
future work.

Nim calculation depends on the instantaneous shear force,
which is produced by the vertical motion of the pedestrian
spine pushing the head forward and then pulling the head
backward, as shown in Fig. 4. The shear force (Fy) produces a
high upper neck injury risk, compared to the axial force (F,)
acting during the front impact. Shear force is also associated
with soft tissue injury to the intervertebral joints of the
cervical spine, as specified in previous studies [95], [96].

Changing the vehicle contact region did not produce any
significant influence on the Nj; value, exceeding the injury
threshold at 25 km/h and greater, in the frontal impact
(centreline and offset) as shown in Figs. 12 and 15. However,
vehicle contact region did effect rear impact N, when it
exceeded the threshold at 10 km/h and 15 km/h for the rear-
centre and rear-offset impacts, as shown in Figs. 12 and 15.
The simulation results in Figs. 7-15, demonstrate that the
upper neck injuries will be more predominant than head
injuries in some impact scenarios. What constitutes the safest
impact velocity for upper neck injury may not be the same for
head injury.

V. CONCLUSIONS

This study produced an improved understanding of
pedestrian kinematics in auto rickshaw—pedestrian impacts,
prior to head and neck impacts against the vehicle
components. Key findings are summarised as follows:

1- Varying pedestrian impact position, pedestrian posture
and vehicle contact region had a significant effect on the
pedestrian kinematics and head contact angle.

2- Vehicle windscreen and windscreen frame are the most
injury causative regions.

3- HIC and the percentage of severe head injury (AIS+4)
values vary dependent on vehicle impact region, impact
velocity and impact position. Pedestrians are subject to a
relatively high risk of head injury at impact velocities of
20 km/h or greater.

4- The lowest risk impact scenario is the side offset, which
produced no head contact.

5- Head and neck injuries can occur independent of each
other. Even in the absence of a head impact, neck injury
risk values were seen to exceed the threshold, as a result
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of vehicle frontal geometry and pedestrian kinematics
response.

6- Velocities below 10 km/h are associated with low neck
injury risk.

To reduce the level of injury risk and increase the safety of
the auto rickshaw, there should be a recommendation that the
velocity of the auto rickshaw be reduced and that engineering
solutions be developed, such as retro fitting injury mitigation
technologies to those auto rickshaw contact regions, which are
the subject of the greatest risk of producing pedestrian injury.

APPENDICES

TABLE XIII
DATA OF THE AXIAL FORCES AT DIFFERENT IMPACT VELOCITY USED TO
CALCULATE THE NIJ OF THE FRONT-CENTRE

Velocity ~ Tension Time  Compression  Time

(kmv/h) (KN)  (ms) (KN) (ms)
5 0052 167 0.134 114
10 0052 168 0.134 114
15 1.49 127 0.443 135
20 3.02 97.6 0.864 107
25 45 80.5 1.14 89.5
30 4.69 68.4 1.5 774
32 471 64.9 1.44 732
35 471 60 1.47 68.4
40 437 553 1.46 62.8
48 469 428 1.42 54.8

TABLE XIV

DATA OF THE BENDING MOMENTS AT DIFFERENT IMPACT VELOCITY USED TO
CALCULATE THE NIJ OF THE FRONT-CENTRE

Velocity Flexion Time Extension Time
(km/h) (KN.mm) (ms) (KN.mm) (ms)
5 5.13 65.3 6.31 129
10 5.13 65.1 6.31 128
15 82 134 72.1 149
20 83.9 106 64.3 119
25 103 88.4 69.8 103
30 114 77.1 79.8 92.3
32 118 72.5 81.2 88.4
35 122 67.6 85.9 82.1
40 12 60.8 87 76.8
48 125 46.7 88.4 70.4
TABLE XV

DATA OF THE AXIAL FORCES AT DIFFERENT IMPACT VELOCITY USED TO
CALCULATE THE NIJ OF THE FRONT- OFFSET

Velocity ~ Tension  Time Compression ~ Time

(km/h) (KN) (ms) (KN) (ms)
5 00524 171 0.701 149
10 1.02 81 0.045 119
15 2.61 522 0.243 56.9
20 3.57 39.9 0.946 455
25 4.67 33 1.63 39.6
30 5.45 285 2 36.6
32 5.82 27.1 2.15 30.9
35 637 253 2.05 29.1
40 7.32 226 1.98 25.7
48 8.97 19.4 1.15 264

TABLE XVI
DATA OF THE BENDING MOMENTS AT DIFFERENT IMPACT VELOCITY USED TO

CALCULATE THE N1J OF THE FRONT- OFFSET

Velocity Flexion Time Extension Time
(km/h) (KN.mm) (ms) (KN.mm) (ms)
5 5.13 65.3 6.31 129
10 18.5 84.5 26.2 99.5
15 49.1 58.7 36.3 4238
20 83 46.3 55.4 36.1
25 122 39.3 54.2 304
30 123 33.6 42.9 26.5
32 123 31.8 38.4 24.4
35 123 29.7 352 49.5
40 124 25.8 30.2 43.8
48 125 223 92.8 38.6
TABLE XVII

NI1j LOAD CASES VALUES OF THE FRONT-CENTRE

Impact Velocity

(km/h) Nt Ner Nie Nee Nj;
5 0.02 0.04 0.05 0.07 0.07
10 0.02 0.04 0.05 0.07 0.07
15 048 0.34 0.75 0.61 0.75
20 0.71 0.41 0.92 0.62 0.92
25 099 0.52 1.18 0.70 1.18
30 1.06  0.61 1.28 0.83 1.28
32 1.07  0.61 1.29 0.84 1.29
35 1.09  0.63 1.33 0.87 1.33
40 0.68 0.28 1.29 0.88 1.29
48 1.09 0.63 1.34 0.89 1.34

TABLE XVIII
Nij LOAD CASES VALUES OF THE FRONT- OFFSET
Impa(ti(tn\]//;all)ocny Ny N Ne Neo N
5 0.02 0.13 0.05 0.16  0.16
10 0.21 0.07 034 020 0.34
15 0.54 0.20 0.65 0.31 0.65
20 0.79 0.42 0.93 0.56  0.93
25 1.08 0.66 1.09  0.67 1.09
30 1.20 0.72 1.12 0.64 1.20
32 1.25 0.75 1.14  0.63 1.25
35 1.33 0.73 1.20  0.59 1.33
40 1.48 0.72 1.30  0.55 1.48
48 1.72 0.59 2.01 087  2.01
TABLE XIX

DATA OF THE SHEAR FORCES AT DIFFERENT IMPACT VELOCITY USED TO
CALCULATE THE NKM OF THE REAR-CENTRE

Velocity ~ Anterior  Time  Posterior Time

(Km/h) (KN) (ms) (KN) (ms)
5 0.175 220 0.0817 50.3
10 0318 133 0.409 113
15 0.47 93.7 0.573 75
20 0.527 73 0.679 57.7
25 0.595 62.1 0.739 46.5
30 0.904 53.1 0.902 40.6
32 1.03 50.7 1.03 38.2
35 1.14 59.7 2.02 70.5
40 1.35 439 2.56 64.2
48 1.61 472 3.19 57.3
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DATA OF THE BENDING MOMENTS AT DIFFERENT IMPACT VELOCITY USED TO

TABLE XXII

CALCULATE THE NKM OF THE REAR- OFFSET

. Flexion . Extension . . . . Extension .
Velocity (km/h) (KN.mm) Time (ms) (KN.mm) Time (ms) Velocity (km/h) Flexion (KN.mm) Time (ms) (KN.mm) Time (ms)
5 12.2 68.5 4.07 442 5 22.3 43 9.43 69
10 46.7 130 38.3 153 10 39.7 442 20.7 206
15 88.5 934 40.4 112 15 65.90 36.40 27.90 58.00
20 111 74.4 349 94.9 20 76.70 34.90 39.20 56.10
25 121 63 453 82.1 25 95.20 33.60 61.00 58.00
30 123 54.1 57.9 82.1 30 123.00 35.00 103.00 49.20
32 123 51.6 84.3 78.2 32 123.00 32.50 103.00 46.70
35 123 48.8 103 71.4 35 123.00 29.40 103.00 44.20
40 123 44 .4 103 65.4 40 123.00 26.20 103.00 40.00
48 123 39.3 103 58 48 124.00 21.60 103.00 36.40
TABLE XXI TABLE XXIII
DATA OF THE SHEAR FORCES AT DIFFERENT IMPACT VELOCITY USED TO NKM LOAD CASES VALUES OF THE REAR-CENTRE
CALCULATE THE NKM OF THE REAR- OFFSET Impact Velocity (km/h) N Niy Ny Nup Ni
Velocity (km/h) Anterior (KN) Time (ms) Posterior (KN) Time (ms) 5 035 024 0.29 0.18 0.35
5 0.0714 93.8 0.125 29.2 10 091 101 1.8 129 129
10 0.332 188 0.267 19.5 15 156 168 141 153  1.68
15 0.22 105.00 0.43 19.10 20 1.88 2.06 1.36 1.54 2.06
20 0.41 71.20 0.55 18.70 25 208 225 1.66 183 225
25 0.46 74.30 0.80 17.00 30 247 246 229 229 247
30 L.18 36.40 1.82 48.20 32 262 262 299 299 299
32 1.25 3440 2.05 45.50 35 275 379 352 456 456
35 1.41 31.90 2.29 42.70 40 299 4.43 377 5.20 5.20
40 1.58 29.10 2.83 39.20 48 330 517 4.07 5.94 5.94
48 1.61 25.30 2.90 35.40
400
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Fig. 16 Acceleration Curves of the pedestrian dummy head impacted at different impact positions and vehicle contact regions (30 km/h)
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Fig. 17 Axial force of the Upper Neck at the Occipital Condyle in the

TABLE XXIV 6
NKM LOAD CASES VALUES OF THE REAR- OFFSET
Impact Velocity (km/h) Np Npp Nie Nip Nim s
5 0.34 0.40 0.28 0.35 0.40
10 0.84 0.77 0.83 0.75 0.84 4
15 1.01 1.25 0.85 1.09 1.25
20 1.36 1.52 1.31 1.47 1.52 4
25 1.63 2.03 1.83 2.23 2.23
30 2.79 3.55 3.56 4.32 4.32 2
32 2.88 3.82 3.65 4.59 4.59 @
35 3.06 4.11 3.84 4.88 4.88 g
40 3.27 4.75 4.04 5.52 5.52 =1
48 3.31 4.84 4.07 5.60 5.60 0
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Fig. 18 Bending Moment of the Upper Neck at Occipital Condyle at (30 km/h)
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