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ABSTRACT

Crash test simulation using finite-element method is more and more popular in the automobile in-
dustry because of its feasibility and cost saving. The majority of finite element dummy models used
in crash simulation are built based on anthropometrical and biomechanical data of the USA and
European bodies. Thus, it is necessary to develop a scaling algorithm to scale a reference dummy
size into a desired one without rebuilding the entire model. In this paper, a brief review of scaling
method to archive V-dummy is presented. V-dummy is scaled from the Hybrid Il dummy model
provided by LS-DYNA to suit Vietnamese anthropometry. In particular, head injury risk of a pedes-
trian involved in a frontal impact with a SUV is studied. Total of fifteen simulations were conducted
to investigate the head injury by using HIC (Head Injury Criterion). When striking by a car, the head
will hit on car bonnet first and fly in the air later before impacting to ground. The position of head
impact on car strongly depends on impact angle, but landing posture on ground of pedestrian is
not correlated with impact speed or angle. In the phase of car-impact, pedestrians suffer from a
low level of head injury, whereas in the ground-impact, HIC exceeds the threshold of human toler-
ance except speed of 20 km/h. When pedestrian is hit by SUV at angle 90°, the shoulder strike on
car bonnet before head, it causes HIC in impact angle 90? is lower than 0? and 45°. It cannot be
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recognized the correlation between HIC and impact speed in the phase of ground-impact.
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INTRODUCTION

Traffic accidents still occur every day, every hour, tak-
ing away the health and lives of many people. Traf-
fic accidents not only cause consequences for victims
but also lead to many other corollaries, many fami-
lies have to face difficulties, debts and deadlock. The
rate of road traffic fatalities per 100,000 populations in
South-East Asia still higher compared to the average
rate of the world in 2013 and 2016 (Figure 1) 1. Traffic
accidents in Vietnam in 2018 decreased slightly com-
pared to 2017, nationwide there were 18,232 traffic
accidents causing 8,200 deaths as shown in Figure 2;
5,124 wounded people and 9,070 minor injuries as
shown in Figure 3! - General Statistics Office of Viet-
nam. Compared to the previous year, traffic accidents
decreased in all three criteria in 2018, the number of
accidents decreased by 9.2%, the number of deaths
decreased by 1.9%; the number of injured people de-
creased by 8.3% and the number of minor injuries de-
creased by 20.8%. Of the total of 9,446 traffic acci-
dents from less serious or more, 9,202 cases (account-
ing for 97.4%) occurred on the road, causing 7,958
deaths and 5,060 injuries. In 2018, there were 50 traf-
fic accidents per day throughout the country (5 cases

down compared to 2017), including 26 traffic acci-
dents from less serious and more and 24 traffic col-
lisions, making 22 people died, 14 were injured and
25 were slightly injured.

With the attempt to develop the government’s trans-
port infrastructure, the rate of deaths and injuries due
to traffic accidents decreased each year.

RESEARCH METHODOLOGY

For the study of car-pedestrian crashes, it is two com-
mon methods that can be employed: conducting
crash tests with mechanical dummies and simulating
car crashes on computer. The former is a traditional
way and gives good results compared with real life car
impact; however, its disadvantage is very expensive
test equipment and generally more time-consuming
than the latter because after every crash test, experi-
mental vehicles as well as dummies need repairing to
be ready for the next experiments. On the other hand,
with the advent of digital computers, car crash sim-
ulation using finite element method (FEM) becomes
more common in car industries in these days because
it opens a new modern way for engineers to run crash
tests inside computers rather than on roads. In addi-
tion, not only does it save time and be less expensive
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Rates of road traffic death per 100,000 population by
WHO regions: 2013, 2016
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Figure 1: Rates of road traffic deaths per 100,000 populations by WHO region: 2013 - 2016.
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Figure 2: Number of deaths due to traffic accidents in the 5-year period.
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Number of people injured due to traffic accidents in
the 5-year period from 2013 to 2018
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Figure 3: Number of people injured due to traffic accidents in the 5-year period.

than real crash tests, it also gives designers and engi-
neers many chances to modify and customize designs
for each parts of the car without making changes to
the whole models. Consequently, more virtual crash
tests run, more insights engineers can gain to fully un-
derstand their design to give the best product. As a
result, car crash simulation using FEM is a promising
and suitable method for the research.

For this study, LS-DYNA is chosen because of its ca-
pability to simulate highly nonlinear problems includ-
ing car crashes. Hybrid III 50th dummy is popu-
lar use for human modal in kinematics analysis. Be-
cause this dummy is built based on fiftieth percentile
male (equal in height and weight of the average North
American), V-dummy was firstly developed in Ly et
al. (2019)? by scaling algorithm presented in Hyncik
(2007)3, Untaroiu (2007)*. Hybrid III 50" dummy
is transformed to a dummy model representing Viet-
namese. Dummy and Vietnamese anthropometry are
shown in Table 1. The scaling algorithm comprises
three steps

- Scaling of dummy geometry

- Scaling of inertial properties

- Scaling of joint properties

HEAD INJURY

Pedestrian head injuries are the main causes of pedes-
trian fatalities and disabilities in pedestrian to mo-

tor vehicle collision”’.

The mechanisms and behav-
iors of pedestrian head in collision are unpredictable
in real cases. In spite of the development of automo-
tive safety industry, the only injury criteria in wide use
is the Head Injury Criterion (HIC), which was devel-

oped in the 90s.

Head injury criterion

HIC was first idealized in 1961 by Gadd in his re-
search. He also developed his criterion - Gadd sever-
ity index (GSI). After that, it was truly finalized by
Versace (1971), which known as a function of average
linear acceleration correlated to the Wayne State Uni-
versity tolerance curve. But it was first only published
widely by the US National Highway Traffic Safety Ad-
ministration (NHTSA) and is expressed as:

1
nh—1

" 2.5
HIC:max{ /t a(t)dl] (h—1) (6]
1

where tp and t;: two arbitrary times during accelera-
tion pulse. Linear acceleration a is a function of time
(seconds), which measured in multiples of gravity ac-
celeration (g’s).

The average linear acceleration a of a(r) between two
phases # and 71 can be expressed as:

1 qn
/ a(t)dt
h—1Jy

a—=

)
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Table 1: The table of weight and height of Hybrid Ill ° and Vietnamese dummy©.

Hybrid III
Height (cm) 175
Mass (kg) 78

Vietnamese dummy
164

58

And the head injury criterion (HIC) can be calculated
as:

HIC = max (t| or tp) X

{(zzt,) intl /lllza(t)dt} 2'5} (3)

where HIC is the maximum value between the impact
time 7, and #; of the brackets {}, while the index 2.5
based on the real case accidents.

Since the HIC index had an important part in auto-
motive safety industry, there are still some limitations
on HIC as an injury severity criterion such as:

- Rotating acceleration of head is skipped.

- Only hard contacts are taken into account.

Scaling of Head Injury Criterion

Moreover, a simple method developed by Mertz et al. ®
to scale HIC for various dummy sizes. For the sake of
convenience, three dimensionless fundamental ratios
are

Length scale ratio: A;, = %

—h
p2
Modulus of elasticity ratio: Ax = 1%

where L is where L is the characteristic length, p is

Mass density ratio: A,

density, and E is modulus of elasticity.

Assume that the density and modulus of elasticity re-
main constant for two subjects, hence 4,, = 1 and
Ag = 1. Therefore, a scaling factor for HIC can be

written as:

1

Abic =< ——=
()"

(4)
This method has the pros and cons. The advantage
is it is simple and straightforward to use, but because
its derivation is based on the assumption that con-
sidering head impact to be represented as a single-
degree-of-freedom spring-mass system, so it does not
account for the complexity of a real-life impact. How-
ever, the main purpose for introducing this method
here is to realize that the scale factor of HIC is in-
versely proportional to the length scale factor, which
means the smaller in size, the greater in HIC. This fact
will be used to verify results of simulations associated
with the scaled dummy.

SI132

A proposed method for verification of the
scaled dummy

In the scope of this study, it is difficult to verify the
scaled dummy because there are no available experi-
mental data or theoretical results associated with Viet-
namese pedestrian-car crashes. Therefore, the verifi-
cation of the scaled dummy is limited to evaluate qual-
itatively by using Eq. (4) that indicates the inverse
proportion between HIC and dummy sizes. There-
fore, the values of HIC of the scaled dummy are ex-
pected to be larger than those of the Hybrid III 50"
dummy.

Abbreviated injury scale

The Abbreviated Injury Scale (AIS) points out risk of
fatality for a given injury level correlated to the head
injury criterion (HIC). There are six injury levels from
1 (minor injuries) to 6 (fatal, non-survivable). The
correlation between HIC and AIS is presented in Ta-
ble 2.

RESULT VERIFICATION
The Hybrid 11l 50" dummy verification

In this section, due to the lack of available exper-
imental data for SUV-pedestrian crashes, a simula-
tion between the Hybrid III 50 dummy and a sedan
is done to compare experimental data’® and simula-
tion results. Besides, the computer simulation con-
ducted in Elmasoudi (2015)°, namely paper simula-
tion which performed pedestrian-sedan crashes, are
also added for comparison. The acceleration results
from simulation are filtered following SAE CFC1000
specification. Full model is shown in Figure 4. Ter-
mination time is set to 0.25 second, and 0.6 is chosen
to compute stable time step between iterations. Two
main types of contact used are automatic single sur-
face for handling self-contact, and automatic surface-
to-surface for general contact. In terms of boundary
conditions, automatic single surface is used for the
whole car model, and automatic surface-to-surface is
applied for contacts between the dummy and the car,
four car tires and the ground, and the dummy and
the ground. In this verification of the Hybrid III 50"
dummy, the car’s velocity is 40 km/h, and both of the
dummy and the car are subjected to gravity.
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Table 2: The correlation between Head Injury Criterion and Abbreviated Injury Scale ©

Level of head injury - brain concussion
Headache or dizziness; light brain or cervical injuries

Concussion with or without skull fracture; less than 15 mins unconsciousness;

Concussion with or without skull fracture; more than 15 mins unconsciousness,

but without severe neurological damages; no damages of spiral cord

Skull fracture with severe damage injuries

Concussion with or without skull fracture with hemorrhage and/or critical neu-

rological damages; unconsciousness greater than 12 hours

HIC AIS

135 -519 1

520 - 899 2

face/nose fracture

900 - 1254 3

1255 - 1574 4

1575 - 1859 5

> 1860 6 Non-survivable

Figure 4: Full model set-up. From left to right: experimental set-up°, reference paper simulation’ set-up°, this

reseach’s simulation.

As can be seen Figure 5, the head accelerations in the
x-direction and z-direction in the simulation have the
same waveform as those in the experiment. The con-
tact between the dummy’s head and the car hood oc-
curs roughly from 13 ms to 14 ms. In the simula-
tion, while a peak acceleration in z-direction is seen
at nearly 14ms, the head encounters a negative x-
component acceleration at around 14 ms, and then
it experiences a positive x acceleration. The accelera-
tions in the physical test see the same pattern as those
in the simulation but with higher peak intensity. This
difference likely results from the discrepancy in the
material properties of the car hood, wind shield, or
even dummy head between the real model and the FE
model. Another reason might be due to contact stift-
ness chosen during the simulation. The paper’s sim-
ulation in Elmasoudi (2015)° seem quite fluctuating,
and have the peak accelerations larger than the exper-
iment ones.

It is always good to verify the energy balance. In LS-
DYNA, the energy balance can be checked using the

energy ratio, which is the ratio between total energy
and the sum of initial energy and external work. The
total energy includes kinetic energy, internal energy,
frictional energy, rigid wall energy, damping energy,
and hourglass energy, whereas initial energy is com-
posed of initial kinetic energy and initial internal en-
ergy. The energy balance should hold at all times
during the analysis, or alternatively the energy ratio
should remain as close as possible to one. As can be
seen from Figure 6, the energy ratio in the simulation
satisfies energy balance as it is nearly close to one with
a small variation.

The V-dummy verification

A comparison of HIC between the Hybrid III 50"
dummy and the V-dummy for various cases will be
made. Car model used for these simulations is C5000
Pickup. The magnitudes of velocity of the car are 40,
50, and 60 km/h, and three angles of impact is 0, 45,
and 90, which are shown in Figure 7. Boundary con-
ditions is the same as those in the verification of the
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Figure 5: Head acceleration in g's.

Hybrid I1T 50”. Note that HIC in this verification is
caused by the first impact between the dummy and the
car.

As illustrated in Table 3, HIC for the Hybrid IIT 50"
dummy in most cases is smaller than that for the V-
dummy with the exception of the case of 40 km/h -
angle 0 where the trend is reversed. In general, the
simulation results show the same pattern as Eq. (4)
does; that is HIC is inversely proportional to dummy
size.

Here, a typical example is chosen to show the energy
ratio and mass scaling during the simulation are de-
scribed in Figure 8 and Figure 8 in the case of 50 km/h
—angle 0° respectively. It is proposed that the percent-
age of mass increase should be less than 1% of physi-
cal mass, and energy ratio close to 1. As seen from the
figures, these criteria are well fulfilled. Note that the

SI134

mass increase stems from mass scaling that is a tech-
nique in which nonphysical mass is added to a struc-
ture to obtain a larger time step size.

Status of impact of the dummy with the Pickup is
shown in Figure 10. It indicates that when colliding
with the Pickup, the dummy’s head comes into con-
tact with the hood.

SIMULATION RESULTS AND
DISCUSSION

Vehicle modal is chosen in this research is SUV-2002

Ford Explorer !

. The impact position and landing
posture of pedestrian V-dummy when directly hit by
SUV are illustrated in Table. 4. When striking by
a car, the head of human body is hit on car bonnet

which is name car-impact at first and finally impact
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Figure 6: Energy ratio during the simulation.

Table 3: Comparisons of HIC for various cases

HIC for Pickup- pedestrian crashes

Case The Hybrid III 50th The V-dummy
40 km/h - angle 0° 735 601

40 km/h - angle 45° 585 654

40 km/h - angle 90° 88 91

50 km/h - angle 0° 679 750

50 km/h - angle 45° 1256 1483

50 km/h - angle 90° 241 704

60 km/h - angle 0° 1283 1602

60 km/h - angle 45° 1864 2353

60 km/h - angle 90° 325 770

to ground which is name ground-impact. These two
phases of impact are demonstrated from Figure 11 to
Figure 16.

SUV, which also known as high ground clearance ve-
hicles, at the case of side-on impact 90°, the HIC at
40 km/s is much lower than any other cases. This
can be reasoned that in the simulation, according to
the key frames from Figure 12 to Figure 16, it shows
that dummy’s head did not hit perpendicularly to car
bonnet in the car-impact phase but make a small slid-
ing on it, which leads to a significant drop in con-

tact force. Consequently, resultant head acceleration
drops considerably, and so does HIC. It should be,
furthermore, noted that simulations for a crash at an
angle of 90° and velocity of 40 km/h were repeated
numerous times to prove there are no computational
errors, and in all run cases, the same results are also
achieved. From these results, it is expected that pedes-
trians might suffer severe spinal cord injuries rather
than head injuries because in most of cases, SUV

mainly hits pedestrians’ body.

SI135
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Figure 7: Dummy positioning at angle of 02, 45, and 907 (top to bottom).

In the first phase of contact, car-impact, the trend
of HIC is increased linearly for both factors - im-
pact angle and initial velocity as described in Table 4
and drawn graphically in Figure 17. During the car-
impact, the peak value of HIC is around 1200 (be-
ing directly hit - as impact angle equals 0°, by high
ground clearance vehicle), which may cause the skull
fracture, but without severe neurological damages; no
damages of spiral cord - according to the AIS table -
Table. 2.

Moreover, as demonstrated in Figure 17, there is an
increase in HIC when the speed rises from 20 km/h to
60km/h. At the impact direction at 459 and 90, the
HIC is below 1000, which corresponds to AIS below
3. Of three angles, 0° degree is the most dangerous,
and it is followed by 45 and 90° degrees respectively.
In conclusion, if car velocity is below 40 km/h, victims

SI136

just suffer from less-than-15-minute unconsciousness
without involving any skull fracture, whereas if veloc-
ity is larger than 40 km/h, pedestrians will encounter

more-than-15-minute unconsciousness.

For ground impact, pedestrian-to-ground collision,
all of the head injury criterion exceeds the thresh-
old of human tolerance except speed of 20 km/h.
HIC is described in Table 5 and drawn graphically
in Figure 18. It should be pointed out that since the
ground is considered as an absolutely rigid body, con-
tact forces it applies on the dummy is far larger than
in the first impact. As a result, HIC in ground impact
is very large, and it suggests that ground impact is the

key cause of severe head injuries or even death.
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Figure 8: Energy ratio for the case of 50 km/h - angle 0°.
Table 4: HIC (AIS) in case of car-impact
Impact angle (degree) 0° 45° 90°
Speed (km/h)
20 33 (AIS 0) 113 (AIS 0) 34 (AIS 0)
30 158 (AIS 1) 102 (AIS 0) 50 (AIS 0)
40 256 (AIS 1) 206 (AIS 1) 86 (AIS 0)
50 773 (AIS 2) 649 (AIS 2) 191 (AIS 1)
60 1198 (AIS 3) 960 (AIS 3) 798 (AIS 2)
Table 5: HIC (AIS) in case of ground-impact.
Impact angle (degree) 0o 450 900
Speed (km/h)
20 1053 (AIS 3) 357 (AIS 1) 914 (AIS 3)
30 11600 (AIS 3) 8678 (AIS 6) 5830 (AIS 6)
40 11830 (AIS 6) 5775 (AIS 6) 11060 (AIS 6)
50 10640 (AIS 6) 12080 (AIS 6) 8773 (AIS 6)
60 50400 (AIS 6) 11500 (AIS 6) 15460 (AIS 6)
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Figure 9: Percentage of mass increase for the case of 50 km/h - angle 0°.
CONCLUSION ACKNOWLEDGMENT

In this study, a series of simulation is conducted to
verify the Hybrid III 50" with a comparison with
experimental data, and qualitatively assess how well
the results of scaled dummy simulations match with
the anticipated trend. A set of fifteen crash simula-
tions between SUV and V-dummy is performed, and
the findings show that in the first impact, pedestri-
ans are likely to suffer spinal injuries, whereas in the
ground impact, head injuries are the principal cause
of death. When pedestrian is hit by SUV at angle 90°,
shoulder strike on car bonnet before head, it causes
HIC in impact angle 90° is lower than the two others.
HIC in case of pedestrian-to-ground collision exceeds
the threshold of human tolerance except speed of 20
km/h. It cannot be recognized the correlation be-
tween HIC and impact speed in the phase of ground-

impact.
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Figure 11: Impact position and landing posture of pedestrian in case of SUV
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90° — Ground-impact

Figure 12: Key frames of SUV simulation at 20 km/h

90° — Ground-impact

Figure 13: Key frames of SUV simulation at 30km/h
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Figure 14: Key frames of SUV simulation at 40km/h
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Figure 15: Key frames of SUV simulation at 50 km/h
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Figure 16: Key frames of SUV simulation at 60 km/h
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Figure 17: HIC during the car-impact
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M phéng thir nghiém va cham st dung phuong phép phan tirhiru han ngay cang phd bién trong
nganh cong nghiép 6 t6 vi tinh kha thi va tiét kiém chi phi. Phan I6n cac mé hinh phan t& hitu han
cla hinh nhan (dummy) dugc st dung trong mé phéng va cham dugc xay dung dua trén di liéu
nhan tréc hoc va ca sinh hoc clia ngudi My va Chau Au. Vi vay, can phai phét trién mét thuat toan
chiaty 1& dé diéu chinh kich thudc dummy chudn thanh mot kich thudc mong muén ma khéng can
xay dung lai toan bé mo hinh. Trong bai bdo nay, phuong phap thu nhé mé hinh dé ¢ V-dummy
dugc tom tat ngan gon. V-dummy dugc thu nho t mé hinh dummy Hybrid Il do LS-DYNA cung
c8p dé phu hop véi nhan trdc hoc clia ngudi Viét Nam. Nguy co chan thuong dau clia ngudi di
b6 khi va cham truc dién véi mot chiée SUV dugce nghién ctu. Téng cong mudi lam mo phong
da dugc thyc hién dé nghién ciu chdn thuong dau thong qua HIC (Tiéu chudn chédn thuong dau).
Khi bj 6 t6 tong, dau sé dap vao ndp ca-pd 6 té trudce va bay trong khong trung sau dé trudce khi
va cham xuéng dat. Vi tri ctia dau va dap vao 6 t6 phu thudc I6n vao géc va cham, nhung tu thé
ti€ép dat ctia ngudi di bd khéng cd maéi lién hé vai téc dd hodc géc va cham. Trong giai doan va
cham vdi 6 t6, nguai di bo chiu mic dd chan thuong dau thép, tuy nhién khi dap dau xuéng dat,
HIC thudng vugt qua ngudng chiu dung clia con ngudi ngoai trir toc dé 20 km/h. Khi nguai di bo
bi xe SUV dam & goc 90, vai va vao nap ca-pd clia 6 to trudc dau, gay ra HIC hap hon khiva cham
3 gbc 0° va 45°. M6i tuong quan gilia téc dd va cham va HIC trong giai doan dap dau xuéng dat
chua dugc xac dinh ré trong nghién cdiu nay.

Tu khoa: An toan trong va cham, t&f vong ctia nguai di bd, dummy, HIC, gia téc

Trich dan bai bdo nay: Anh L H Bido ND Huy NA Banh gia chan thuong dau ctia ngudi di bo Viét
Nam véi xe SUV bang phuong phap mé phéng. Sci. Tech. Dev. J. - Eng. Tech.; 3(S12):51129-S1144.

Si144



	Head injury of Vietnamese pedestrian in crash accident with SUV using numerical simulation
	INTRODUCTION
	RESEARCH METHODOLOGY
	HEAD INJURY
	Head injury criterion
	Scaling of Head Injury Criterion
	A proposed method for verification of the scaled dummy
	Abbreviated injury scale

	RESULT VERIFICATION
	The Hybrid III 50th dummy verification
	The V-dummy verification 

	SIMULATION RESULTS AND DISCUSSION 
	CONCLUSION 
	Acknowledgment
	LIST OF ABBREVIATIONS
	COMPETING INTERESTS
	AUTHORS' CONTRIBUTION 
	References


