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ABSTRACT

In most developed countries, the statistical data of road traffic accidents involving motor vehicle-pedestrian
crashes have registered much cause for concern and consequently, a concerted effort by various sectors have for the past
two decades been brought to bear towards mitigation efforts. Amongst the different approaches in this direction, it has
been established that pedestrian kinematics during impact plays an important role in the ensuing injuries particularly to the
head, and has been shown to have a direct bearing with the vehicle front-end shape. This has eventually led to some
optimization efforts of the vehicle front-end geometry but due to the complex nature of the problem, many difficulties
have been encountered and an exhaustive comprehensive solution has yet to be achieved. In a step towards an attempt in
addressing some of these issues, this paper demonstrates the feasibility of an alternative method for developing an
optimization friendly deformable vehicle structure, having simple, easily modifiable profile geometry requiring short
processing time for the particular purpose of performing multi-parametric optimization of the vehicle front end shape with
the goal of minimizing the sustained head injuries of the pedestrian. The proposed hybrid case model has successfully
achieved an efficiency of 99.85% in CPU time in comparison to a full finite element model. The polynomial response
surface method is employed to generate the mathematical models which in turn are used for the optimization process. The
mathematical models developed are found to show acceptable predictive capabilities with the child model having the
highest model fitness of 90.7%. The optimization is successfully able to find a front-end geometry which minimizes the
HIC values for both the adult 50" percentile male pedestrian and the 6 year old child pedestrian. Finally, the study further
reinforces the necessity for the consideration of the relationship that exists between pedestrian kinematics and vehicle
front-end profile in design considerations as well as in development of further test procedures and safety mitigation

methods.

Keywords: hybrid vehicle front end, meta models, polynomial response surface method, optimization.

INTRODUCTION

More than 0.8 million people killed and the 10
million injured yearly in road traffic crashes across the
world are pedestrians (World Bank Group,2002). In
comparison to the injuries sustained by vehicle occupants,
pedestrians sustain more multi-system injuries, with
concomitantly higher injury severity scores and mortality
(Brainard, 1986). The statistical survey done by the police
force in Malaysia show that pedestrians rank third in road
fatalities after motorists and motorcyclists. Data compiled
from the Malaysian Institute of Road Safety Research
(MIROS) indicate that 40% of all pedestrian motor
vehicle crash (MVC) casualties involve children aged
between 6 and 10 years old (MIROS,2013).

Although child pedestrians record a quarter to a
third of the casualty figures compared to adults, such a
quantitative assessment alone may be premature. Studies
show that child physiology makes them much more likely
to be prone to severe injuries and fatality compared to
adults (Kramlich et al., 2002). About 84% of all
pedestrian fatalities involve frontal impacts and it is found
that the vehicle front-end structure plays a key role in the
determination of severity of injuries ( Liu et al., 2003).
Literature shows that apart from the impact velocity, the
shape of a vehicle’s front-end is considered the most
important vehicle design related factor in determining

pedestrian kinematics (Liu et al, 2003; Linder et al.,
2004; Carter et al., 2005). The resulting post-impact
kinematics of the pedestrian in turn, determines the head
impact speed, impact angle and the impact locations
which ultimately influence the injury outcome (Linder et
al.,2004; Carter et al.,2005). Parametric studies have been
conducted to narrow down the sensitivity of the profile
shape dimensions although most of these do not address
multiple parameter interactions (Liu et al., 2003; Yao et
al. 2007).

Optimization of the vehicle geometry has not
been a direct affair due to the highly non-linear nature of
the problem, Nevertheless, the usage of statistical
methods and evolutionary optimization techniques has
generated efforts in this direction. However, almost all of
these are catered for mostly singular groups of adult
pedestrians (Lange at al.,2003; Liu et al.,2003). In the
determination of injury severity, a study of pedestrian post
kinematics show that vehicle front-end geometry affects
child pedestrians differently than adults, therefore
difficulty is encountered in mitigation for both pedestrian
groups (Lange at al.,2003; Liu et al.,2003;Carter et
al.,2005). In this study, multiple optimizations is
performed upon a vehicle front-end profile consisting of 7
parameters. The Design of Experiments (DOE) approach
is taken where the Central Composite Design (CCD) is
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used to generate a plan of experiment. A validated
(Kausalyah et al.,2014) simplified, deformable vehicle
front-end model is used for the simulation testing. The
work utilizes the response surface method to generate
mathematical models for which optimization is
performed. An adult and child pedestrian friendly vehicle
front-end profile design is obtained.

SIMULATION AND NUMERICAL MODELS

Pedestrian human dummy and vehicle model

TNO’s (TASS Netherlands) ellipsoid human
body model is used in the simulations. The adult 50"
percentile male human multi body model is used to
represent the adult age group and the Hybrid III 6 year old
child pedestrian is used to represent the children group
(Fig. 1a). The pedestrian model each consist of 52 rigid

50% mae
W od O

(3)

Right Side Irpact

bodies, organised in 7 configuration branches. The outer
surface is described by 64 ellipsoids and 2 planes
(TNO,2006). The first branch connects the head and
thorax to the pelvis. The second and third branch connect
the bodies of the left and right arm to T1(main body),
respectively. The fourth and fifth branch connect the
bodies of the left and right leg to the pelvis, respectively.
The heels are each connected to the mid-foot joint by a
separate branch (TNO,2006). This model has been
extensively validated by TNO using cadavers, both by
blunt impact tests on body segments and full body car-
pedestrian tests (MADYMO, 2009). Recent validation
studies against published cadaver data have found multi-
body models to be reliable for pedestrian kinematics and
reasonably being able to predict the injury severity in the
various body segments (TNO, 2006).

(b)

Right Side Irapact

6 yr Old Child Impact ]

S0™ % Adult Impact

Figure-1. (a) Full Range of TNO’s human models (Multi body ellipsoid dummies) (b) Impact position of vehicle to adult
and child dummy.
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Figure-2. Vehicle front-end design parameters and profile shape.

A simplified vehicle model is used to simulate
the impact of vehicle to an adult pedestrian (Figure 2). The
design and development of the simplified vehicle model
consist of a series of non-iterative and iterative, tuned
recursively to achieve a simplified vehicle front end
profile that is able to represent a full vehicle model in
reality. The front-end vehicle model is made to collide
with the right-side standing pedestrian at 40 km/h (Figure
1b). Acceleration due to gravity is applied globally to all

models while an additional horizontal constant
deceleration of 5m/s2 is given to the vehicle to simulate
braking. In the absence of a more appropriate criterion for
pedestrian head/brain injuries, HIC (Head Injury Criterion)
with a safety threshold of < 1000 is used to assess the
simulation response (EEVC, 1998).
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METAMODELS

Response surface method (RSM)

The Central Composite Design (CCD) is used to
represent the sampling. A circumscribed model is selected
to represent the design problem. For 7 parameters, 100
experimental runs are generated consisting of 14 axial
value experiments. The range of the design parameters is
made to represent the sedan, light vehicle and sports type
vehicle groups of cars reported by (Mizuno Y, 2003).
Simulation results in the form of HIC values are tabulated
individually for both the adult and the child pedestrian as
the response function f(y). Post impact kinematics of the
pedestrians is also studied. Multi-linear regression analysis
for quadratic model is performed and the statistical model
is evaluated for fitness following which, the RS (Response
Surface) Model equation for both the adult as well as the
child is individually stored.

The method of least squares is used to provide an
approximation for the unknown coefficients in the model.
The true objective or response function is represented by
f(x) and f'(x) its approximation is obtained using the
second order polynomial in the form,

m-1m

flxd= E‘D+ZEI +Zﬁux +ZZSUILI t+&

i=1 j»1 (1)

where m is the total number of design variables, x
is the ith design variable, and the fs are the unknown
coefficients. For n sampling of design variables x;; (k =1,2

i=1,2,... m) and the corresponding function values f;
(k =1,2... n), Equation. (1) leads to n linear equations
expressed as,

i=1 i=1 i=1 j=1 (4)

The response equation for a 7 parameter design as
in the case of this research would specifically take this
form,

fix
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+ et Bxex, + €

(&)

DOE, RSM and programming work is carried out
using MATLAB 7.11. Quadratic programming is used to
perform optimization using the Response Surface models
obtained.

RESULTS AND DISCUSSION

Hybrid model development

The proposed simplified hybrid vehicle front end
model offers several advantages in terms of model
building time, computational analysis time, i.e, processing

m-lm speed, relative accuracy and ease of modification.
k= E +Z Elxll +Z Eux it Z Z ELJ-HLILJ tE
i=1 j=1 (2)
Table-1. Model development characteristics.
Vehicle Models
Simplified: | il Mulii Body Full FE Model Full FE Model Toyota
Hybrid Case ¥ % 2 N
E Model”® Dodge Neon# Yaris™
Model
.\I'odel Baliding fast fast very slow and tedious very slow and tedious
Time
No. of Elements 3234 NIL 270768 974383
Simuladion 250ms 250ms 150ms 250ms
Termination time
Processing Time 4m 18secs ~ 3 mins ~ 47 hrs 2 hrs 15 mins
Modification D — T —— application not suited | application not suited for
Capabilities - p for modification modification
Computer Intel 2.9 GHz, IRIX 64. 6.5 single Intel MPI 3.1 Xeon. 64
Specification quad core P4-2 8GPC precision (I4R4). 4 Parallel (24 processor)
processor processor

" (Teng et al. 2008), # ( Dodge Neon Report.2009). * (Toyota Yaris Technical Summary,2011)
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Table 1 displays the comparison between four
vehicle models of different characteristics. In comparison
to a full FE detailed vehicle model with similar number of
processors, the case model shows a notable amount of
shortened processing time. The case model has a
processing time of 4m 18secs and the full FE Dodge Neon
vehicle has a processing time of approximately 47hours.
The full FE Toyota Yaris model is also given as a
comparison here to note that despite having a very high
computational capability, i.e, using a super computer, it
nevertheless takes 2 hours 15mins to process the analysis,
an increase of about 34 times more computational time
compared to the case model.

The multi body model however has a shorter
processing time. The set back of the multi body model
compared to the case model would be the ease of
modifying the geometries in the in the interest of DoE or
optimization studies. The deformability of the structure is
also not captured in the multi body model which is an
important criteria in capturing accurate simulation results
for pedestrian kinematics in particular.

Response surface modelling

An empirical model is developed to correlate
response to crash analysis. It is based on the second order
quadratic model for obtaining the HIC. These models have
been simplified through the stepwise reduction method
where the less significant coefficients are eliminated. This
is done to enhance the accuracy of the mathematical
models. Equations (6), (7) and (8) represent the
mathematical models for adult, child and combined
models, respectively.

f(x} =1172701 + 0.047785x, + 0.019937x, + 0.099459x,
— 0.008181x,2 4+ 0.030711x,%, + 0.053677x.%;
—0.053827x,%, +0.034271x,%; + 0.020636x,%,
+0.049559x.% + 0.045626x, %, — 0.018408xx.
+ 0.022394x, x-
(6)

F(x) =1.6543 — 0.022366x, + 0.055036x, + 0.022568x,
—0.05577x, + 0.025688x, — 0.1468x,
—0.031146x,%, + 0.055469x,x, — 0.11139x,°
—0.018814x,x, + 0.057748x,x, — 0.019671x,x,
+0.026283x,x, — 0.10634x,° 7

f(x) = 15325 - 0.020968x, + 0.047125x, + 0.033533x,
+ 0.015695x5 + 0.024506x;— 0.096165x-
—0.027657x,% — 0.013928x,x; + 0.046737x,x,
—0.11653x,% - 0.014056x,x, + 0.025023x,%;
+0.067728x,2 4 0.023003x, %, + 0.029283x,x,
®)
Table-2 shows the statistical diagnostics of the
response surface methodology for adult, child and
combined models using the CCC technique. A total of 100
computational runs for each case were conducted. Initial
mathematical model has 36 parameters and after applying
the stepwise reduction method, adult model has 14
parameters, child model has 15 parameters and combined
model has 16 parameters. It is interesting to note that the
parameters recorded for each model differs notably. Only
5 parameters, bumper centre height (x;), hood leading edge

(x4), hood length (xs), interaction of bumper length and
hood edge height (x,x7) and interaction of hood length and
hood edge height (xsx;) are common amongst the three
models. Vehicle parameters that affect injury response in
child case are rather different from adult case, as noted in
literature surveys in the past (Liu er al, 2003). As
mentioned in the earlier sections, these parameters affect
the kinematics of fall of the pedestrian upon impact. From
the statistical diagnostic values obtained, child model has
the best fit with a R* of 90.7%. The adult model however
has a lower fit of 75.6%. The combined model has a good
fit of 82.6% and it has the lowest PRESS RMSE value
indicating the best accuracy achieved amongst the three
models.

Table-2. Statistical diagnostics of RSM using central
composite design (CCC) sampling.

Statistical Adult-
Diagnostics’ ANOVA | Adult Child Child
(50-50)*

Observation Runs 100 100 100
Parametersin
Equation 14 15 16
FRESSRNSE 0.1079 0.0749 0.0659
i 0.0995 0.0652 0.0584
R? -

0.7568 0.907 0.8266
Rad) 0648 | 08917 | 0.7956
PRESS R? 0.6728 0.8554 0.7376

Figures-3, 4 and 5 display the scatter plots of the
estimated model and the data obtained for the Adult, Child
and Combined models. They show the response data plot
versus the predicted response obtained from the ANOVA.
It is generated from the PRESS R statistic and serves to
graphically illustrate the degree of fitness and the
predictive capability of a mathematical model. A close
cluster of points with limited scatter in a neat, straight
diagonal distribution indicates superior goodness of fit.
Scatter bandwidth lines (in red) have been added to the
figures in which a narrow band width line represents
reduced scatter and greater predictively.
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Figure-3. Scatter plot for adult HIC (CCD-RSM).
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Figure-5. Scatter plot for adult- child HIC (CCD-RSM).

Figure-3 representing the Adult model shows
relatively greater scatter compared to the child model as
witnessed by the broad bandwidth line. Two outlying
points are noted that contribute to reduced fitness. A
relatively sparse distribution at the higher values is also

noted.It shows that the CCD RSM failed to adequately
represent the HIC at higher injury levels.

However, the child model scatter plot in Figure-4
suggest a relatively good fitness and predictive capability.
The combined Adult-Child model scatter plot in Figure-5
also shows a fairly acceptable goodness of fit and
predictivity despite the lack of data observed at higher
HIC values.

Optimization of vehicle profile

Initial single optimization runs are carried out
individually for both the adult (Adult-Opt) as well as the
child pedestrian (Child-Opt). Typically, some reasonable
amount of error is expected due to the highly non-linear
nature of the crash scenario owing to the numerous
possibility of the pedestrian post impact fall pattern
(Carter et al., 2005; Zhao et al. 2010). Thus an allowance
is made where a practical error margin of =100 HIC is
given when judging the acceptability of the response
surface models in comparison to the observed values of
the HIC. Referring to the results shown in Table 3, an
acceptable correlation is observed between the predicted
HIC values and the observed values.

From Table-3, it is seen that both the Adult-Opt
profile and the Child-Opt profile are not mutually
applicable to each other for pedestrian safety i.e. that the
adult optimized vehicle design is unsafe for child
pedestrian and vice versa. The former shows the child
model having an HIC of 3195.4 while the later shows the
adult model having an HIC of 5332. The difference in HIC
values between the child and the adult for either case is
quite large. This is expected as similar findings were
reported in literature (Carter et al., 2005; Zhao et al. 2010)
thus indicating a multiple optimization strategy.

Table-3. Statistical diagnostics of RSM using central composite design (CCC) sampling.

HIC 15 Values
Adult Opt Child Opt Adult-Child Equally Weighted Bias
Adult | Child | Adult Child Adult Child Combined
Predicted (RS models) 11361 | na. na. 163.34 na. na 282.03
Observed (MADYMO) 15729 | 31954 | 5332 190.13 354 .48 202.70 278.59*

* Value obtained by using equation (9)

However in this work, combined optimization (C-
Opt) is employed to achieve this end. This is essentially
utilizing a simple weighted biasing method to reformulate
responses for a new objective function. The response for
this combined optimization, f(C(n%)) is obtained as per
the equation below:

nf(¥.al
flctse) ) = =4 +

where,
f(ya) = response for Adult-Opt

(100-n)f(yc)
10D ©)

flyc) = response for Child-Opt
n = % targeted bias

An equal distribution of n=50 is used in this work
to achieve equal bias response for the C-Opt. The sets of
CCD predictors and responses are then subjected to multi
linear quadratic regression analysis and a new Response
Surface model is generated. Optimization is followed with
thereafter in which the result is that a single vehicle front-
end profile is simultaneously optimized for both adult as
well as child pedestrian groups.
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CONCLUSIONS

This research is initiated with the aim of
improving pedestrian safety provided by car body
structures during frontal collisions in a vehicle pedestrian
crash. A novel attempt has been made to develop an
economical and deformable hybrid model for studying the
effect of vehicle front-end geometry on pedestrian fall
kinematics and associated head injury. The model is
designed to be optimization-friendly,i.e., having simple,
easily modifiable profile geometry with the intended
application to fulfil the requirements for multi-parametric
optimization of vehicle front-end shape, towards mitigation
of pedestrian head injuries sustained during impact.In
comparison to detailed FE full vehicle or partial vehicle
models, fast model building time is achieved due to the use
of simple FE planes. The processing time for the hybrid
case model with 3234 elements is reduced by
approximately 705 times in comparison to a full FE model
with 270768 elements and achieving an efficiency of
99.85% in CPU time. The mathematical models developed
are found to show acceptable predictive capabilities with
the child model having the highest model fitness of 90.7%.
Based on the optimization performed, the adult optimized
designs are demonstrated to be unsafe for 6 year old child
and vice versa. Combined optimization is carried out to
successfully find a front-end geometry which minimizes
the HIC values for both the adult 50™ percentile male
pedestrian and the 6 year old child pedestrian. Finally, the
study further reinforces the necessity for the consideration
of the relationship that exists between pedestrian
kinematics and vehicle front-end profile in design
considerations as well as in development of further test
procedures and safety mitigation methods.
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