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Abstract: Pedestrian injury poses a significant problem throughout the world. Pedestrians contribute to the second largest category
of motor vehicle deaths accounting for about 13% of fatalities, after occupant injuries. Therefore is vital to design pedestrian friendly
vehicles to mitigate injuries and fatalities. A statistical methodology employing the Design of Experiments (DoE) is adopted in this
work to obtain the optimum design parameters for the vehiclefront end geometry. The work studies the feasibility of the use of Central
Composite Designs (CCD) between a Circumscribed design (CCC) and a Faced design (CCF). A total of 100 simulation runs are
performed and the response is tabulated. Multi linear regression analysis is performed following which, quadratic programming is used
to carry out the optimization task using the Response Surface models obtained. It is concluded that the CCC offers a better prediction
for the optimum values in comparison to the CCF design. The SSR value for the CCC design offers a better fit for the model yielding
the value of 2.68 which is lesser than CCF’s value of 2.87. In addition, the practical error margin between the predicted CCC designs
and observed experimental values are 43.68 for CCC and 187.66 for CCF respectively, thus affirming the conclusion made.

Keywords: Design of Experiments, Faced and Circumscribed Design, Vehicle Front End Profile, Optimization, Pedestrian Head Injury
Mitigation

1 Introduction

Pedestrians are extremely vulnerable road users who are
at high injury risk in road traffic accidents with motor
vehicles. These pedestrian injuries pose a significant
problem throughout the world. In 2010, 4,280 pedestrians
were killed in traffic crashes in the United States, and
another 70,000 were injured [1]. This averages to one
crash-related pedestrian death every 2 hours, and a
pedestrian injury every 8 minutes [1]. Pedestrians are 1.5
times more likely than passenger vehicle occupants to be
killed in a car crash on each trip [2]. In Malaysia, the
police statistics reveals that on average, 562 pedestrians
are killed annually, mostly in urban areas in the past three
years [3]. Pedestrians are more likely to be struck by a car
than any other vehicle. Mitigation efforts have been long
undertaken with the hopes of reducing these statistics but

have failed to address the underlying issue. Isolation
techniques such as pedestrian bridges, road infrastructure,
public education and traffic regulation have contributed in
reducing the number of pedestrian vehicle collision [4],
but have not been able to mitigate injury in the occurrence
of a collision.

This calls for the need of a more design inherent
approach by which the pedestrian protection provided is
built in to the vehicle design. Advances have been made
by vehicle manufacturers to address this issue with
respect to the design of the vehicle, but the complex
nature of the pedestrian accident scenario has resulted in
difficulties in optimizing the design [5]. The shape of the
vehicle front end has shown to contribute as the leading
factor in determining the pedestrian kinematics, which in
turn affects the injury outcome, primarily that of the head
[6]. This study uses a statistical optimization method to
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obtain the optimum vehicle design parameters for the
vehicle front end profile for the purpose of mitigating the
head injury in a pedestrian-vehicle related crash scenario.
The Design of Experiments (DOE) approach is taken to
generate the plan of experiment. The differences between
the Central Composite Design Faced (CCF) and
Circumscribed (CCC) are analyzed here.

2 Simulation Model and Set Up

A simplified vehicle front end model is used to simulate
the impact of a vehicle to an adult pedestrian. The design
and development of the simplified vehicle model consist
of a series of non-iterative and iterative steps. An
extensive validation is carried out for the model and the
results as well as the model development details are
presented in Kausalyah et al. [7]. The simplified vehicle
model (Figure1(b)) is made to collide with the adult
pedestrian at speed of 40km/h [4,8,9]. MADYMO v7.4.1
by TASS BV is used for the simulations. The pedestrian is
impacted on the right side at the centreline of the vehicle
as shown in Figure1(c). Acceleration due to gravity is
applied universally to all models and an additional
horizontal constant deceleration of 5m/s2 is given to the
vehicle to simulate braking. The TNO’s (TASS
Netherlands) adult 50th percentile male pedestrian
ellipsoid human body dummy is chosen for this study
(Figure1(a)). This dummy is made to represent the adult
population of the sample. These dummy models have
been extensively validated by TNO using cadavers, both
by blunt impact tests on body segments and full body
car-pedestrian tests [10].

Fig. 1: (a) Full Range of TNO’s human models (Multi body
ellipsoid dummies) (b) Front End vehicle model parts and nodal
constraints (c) Impact position of vehicle to pedestrian dummy.

3 Design of Experiment

3.1 Design Parameters and Injury Criteria

With reference to the literature, seven design parameters,
controlling the shape of the vehicle front is selected to
generate the different front end geometries within the
design space [5,8]. They are the bumper lead (BL),
bumper centre height (BCH), hood leading edge (HLE),

hood length (HL), hood edge height (HEH), windshield
angle (WSα) and hood angle (Hα). The Head Injury
Criteria, HIC15 which has a safety threshold of6 1000 is
used for the evaluation of the injury [11,12]. The resultant
head acceleration (Eq1) is used in calculating the HIC, as
presented in Equation2, where x,y and z axes are the
local coordinate system located at the head of the dummy
[11].

aresultant=
√
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x +a2
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3.2 Central Composite Design (CCD)

A central composite design is an experimental design,
useful in Response Surface Methodology (RSM), for
building a second order (quadratic) model for the
response variable without needing to use a complete
three-level factorial experiment [13]. It contains an
imbedded factorial or fractional factorial design with
center points that is augmented with a group of ’star
points’ that allow estimation of curvature [13]. The values
of axial or star points should be selected with
consideration of the rotability of a central composite
design (Figure2).

Fig. 2: A Comparison of CCC and CCF Designs

CCC designs are the original form of the central
composite design (graphical representation in Figure3).
The star points are at some distance from the center based
on the properties desired for the design and the number of
factors in the design [14]. The star points establish new
extremes for the low and high settings for all factors. For
the CCF, the star points are at the center of each face of
the factorial space, soα = ±1. This variety requires 3
levels of each factor [14].
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Central Composite Designs are commonly preffered
as it is very flexible and can be run sequentially, thus it
facilitates the modelling process. The availability of
several varieties of CCDs enables their use under different
experimental regions of interest and operability.The cube
and centre points serves as a preliminary stage where a
first-order model could be constructed but still provide
evidence regarding the importance of a second order
contribution. For a more detailed analysis, axial points of
the design are built up into the central composite design
to fit a second degree model. Thus, the CCD allows for
efficient estimation of the quadratic terms in the
second-order model. It also proves to be very effcient in
providing information on experiment variable effects and
overall experimental error in a minimum number of
required runs and is able to efficiently screen out the vital
parameters from a large number of factors. The Central
Composite Design and polynomial metamodels have been
successfully adopted in studying crash related researches
in the past [14,16,17].

The CCD applied in this present study consists of 64
(2n-1) factorial runs ( coded to the usual + notatation), 14
axial runs and 22 centre runs.

Fig. 3: A Graphical Representation of the Central Composite
Design with Three Factors (k=3)

Minimal modification on one of the axial value for the
CCC design is undertaken to avoid design unfeasibility
and to maintain the general shape of the vehicle profile.
The optimization process essentially involves three main
steps: (1) performing the statistically designed
experiments, (2) estimating the coefficients in the
mathematical model, and (3) predicting the response and
checking the adequacy of the model [15]. The MATLAB
v7.11.0 is used for optimization process.

An empirical model is developed to correlate the
response to the crash analysis and is based on the second
order quadratic model for obtaining the Head Injury

Criteria (HIC) as given in Equation 3,

Y(HIC) = β0+
n

∑
i=1

βiXi +
n

∑
i=1

βi iX
2
i +

n

∑
i=1

n

∑
j>1

βi j XiXj + ε

(3)
whereY(HIC) is the predicted response,β0 is the constant
coefficient,βi is the linear coefficient,βi j is the interaction
coefficient,βii is the quadratic coefficient andXi , Xj are
the coded values.

4 Result and Discussion

Table 1 above present the range and levels for both the
CCF and CCC designs respectively. Figure4 illustrates the
vehicle front end profile with the respective parameters.

Table3 shows the responses for the 14 axial values of
the CCF abd CCC designs. The responses generated for
the first 64 runs and 22 centre runs are similar for both the
designs. It can be seen from the table that the HIC values
generated through the simulation shows some notable
differences between the CCF and CCC designs in some of
the runs. This is attributed to the parameter influences on
the various profiles generated. As presented in the
illustration in Figure2, the maximumα value for the
CCF will be -1/1 and for the CCC -2.828/2.828 (for 7
parameters). The logarithm function is applied to the
values of HIC obtained to reduce the difference of margin
amidst the values.

Fig. 4: Vehicle Front End Profile

5 ANOVA

Table 3 presents the ANOVA for the CCF and CCC
designs respectively. The Analysis of Variance (ANOVA)
is used to evaluate the statistical significance of the
constructed model. The mean square error obtained for
both the design is small and in the acceptable range. The
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Table 1: Design Parameters
Theα coded values and the actual values for CCF and CCC designs

Design Parameters -2.828 -1 0 1 2.828
X1 (WSα) 18.95 29.00 34.50 40.00 50.05
X2 (BL) -35.70 10.00 35.00 60.00 105.70
X3 (BCH) 360.97 435.00 475.50 516.00 590.03
X4 (HLE) -41.40 50.00 100.00 150.00 241.40
X5 (HL) 118.59 635.00 917.50 1200.00 1716.41
X6 (Hα) 4.60 11.00 14.50 18.00 24.40
X7 (HEH) 314.56 565.00 702.00 839.00 1089.44

Table 2: Design Matrix and Responses of the HIC for the Axial Values
Exp No X1 X2 X3 X4 X5 X6 X7 CCF(HIC) CCF(log 100) CCC(HIC) CCC(log 100)

65 −α 0 0 0 0 0 0 144.68 1.080204 240.77 1.1908
66 α 0 0 0 0 0 0 231.06 1.181862 236.09 1.18654
67 0 −α 0 0 0 0 0 489.42 1.344841 500.58 1.34974
68 0 α 0 0 0 0 0 195.34 1.145396 1001.9 1.50041
69 0 0 −α 0 0 0 0 192.74 1.142486 169.64 1.11476
70 0 0 α 0 0 0 0 306.27 1.243052 312.08 1.24713
71 0 0 0 −α 0 0 0 206.5 1.15746 180.13 1.12779
72 0 0 0 α 0 0 0 309.8 1.245541 803.6 1.45252
73 0 0 0 0 −α 0 0 435.11 1.3193 300.572 1.23897
74 0 0 0 0 α 0 0 1620.4 1.604811 1101.3 1.52095
75 0 0 0 0 0 −α 0 258.66 1.206365 245.38 1.19492
76 0 0 0 0 0 α 0 343.65 1.268058 409.67 1.30622
77 0 0 0 0 0 0 −α 274.77 1.219485 1827 1.63087
78 0 0 0 0 0 0 α 2612 1.708487 414.24 1.30863

* Only the axial values are displayed as the CCF and CCC designs share the similar factorial and centre runs.

CCC offers a higher value of MSE with the difference of
0.0008. From the set of R2 values, the CCF yields a
closer curve fit with 81.71%, whereas the CCC design has
a 76.48% of fit. The Fisher Statistical Test (F-Test) is used
to determine the significance of the models analysed.
Both the CCF and CCC designs were significant with
F64,35 = 8.1684, p = 3.804x 10-13 for CCF and F64,35 =
5.9472, p = 4.163x10-10 for CCC. It is to be noted here
that both the designs are significant and can be ideally
used for the optimization procedure as the p-value is<
0.05. The error estimates for The Sum of Squared
Residuals (SSR) is a measure of the discrepancy between
the data and an estimated model. A small SSR indicates a
tight fit of the model to the data. From Table 3 we see that
CCC has a smaller value of SSR (2.6826) indicating a
better fit of the model to the data. From the ANOVA, it is
seen that the CCF design offers a better significance in
comaparison to the CCC. Further analysis is made below
to compare the designs for the optimization work.

5.1 Simplified Models

The value of the regression coefficients shows to what
extent the control parameters affect the response
quantitatively. The coefficients that are less significant are
eliminated along with the responses with which they are

Table 3: Results of Analysis of Variance (ANOVA)
ANOVA CCF CCC
F value 8.1684 5.9472 Significant
P value 3.804x 10-13 4.163x10-10 < 0.05

Mean Square Error 0.010 0.0129
R2 0.8171 0.7648

Adjusted R2 0.7121 0.6362
Error 0.0064 0.0082
SSR 2.8659 2.6826

associated. The stepwise reduction method is used here to
simplify the model and enhance its accuracy. The
stepwise selection is usually applied in a forward or
backward way. The forward selection starts with the
inclusion of the most significant candidate covariable in a
regression model and the backward selection starts with
elimination of the least significant one from a regression
model that includes all covariables (a full model). When a
stepwise selection is applied, it is commonly agreed upon
that the backwards selection is preferred to the forward
selection [19]. The stopping rule for inclusion or
exclusion applies the standard significance level for
testing of hypotheses (α = 0.05). The probablility
criterion here is kept at 0.95. The initial mathematical
model developed had 36 terms and after using the
stepwise reduction method, the final reduced model has
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14 terms. It can be seen from Table 4 below that the
reduced model offers better accuracy with lower PRESS
RMSE values.

5.2 Main And Interaction Effects Of Parameters

Table 4 presents the T-value and p-value for the
significant parameters in the vehicle profile. TheX3, X4
andX5 parameters define the bumper centre height, hood
leading edge and hood length respectively. These three
parameters contribute mainly to the fall kinematics of the
pedestrian. Adjusting either of these parameters
incorrectly will contribute to the rise of the HIC values
thus reducing the injury mitigation. The CCC design is
better able to predict the main and interaction parameters
contribution to the sensitivity of the vehicle profile in the
optimization. The quadratic parameters have also been
significantly highlighted in the CCC design. The CCF
design is not able to capture the quadratic interaction well
hence proving the nature of the design itself being unable
to efficiently estimate quadratic interactions. However,
the interaction parameters mostly coincide for both the
designs. All the significant parameters captured in the
CCC design has p-values of< 0.05, well within the
confidence limit. The CCF design nevertheless is still able
to offer some predictions as to the importance of the
parameter interactions but does not give any conclusive
findings to the nature of the problem.

Table 5: Parameter Interaction Sensitivity
CCF CCC

Source T value P value T value P value
X3 4.4737 3.22E-05 4.2179 7.29E-05
X4 1.7629 0.0827 2.441 0.01743
X5 9.1404 3.22E-13 8.5665 3.25E-12

X2X7 2.4539 0.0169 2.369 0.0287
X3X5 4.2889 6.18E-05 4.1403 0.0001
X3X7 -4.3001 5.93E-05 -4.1519 9.94E-05
X4X5 2.7383 8.00E-03 2.644 0.01031
X5X6 3.6456 1.04E-01 3.519 0.0008
X22 -0.0556 0.95579 4.5589 2.38E-05
X44 -0.72035 4.74E-01 4.559 2.38E-05
X55 3.2503 0.0018 3.944 0.0002
X66 -0.1761 0.8607 2.179 0.03298
X77 3.2797 0.00016 5.1681 2.52E-06

These parameters affects the kinematics of fall of the
pedestrian upon impact and an improper range or value
may cause the pedestrian to impact stiff areas on the
vehicle causing a rise in the HIC. This is in accordance
with previous researches where these parameter have
shown to contribute to the HIC [9]. From these results, it
can be seen that the CCC design displays a better
prediction of the pedestrian crash scenario. It is able to
capture the involvement of the parameters more

realistically. The figures below show the direct and
interaction effects of the various design parameters on the
responses.

5.3 Predicted Versus Observed HIC

Table 5 below shows us the comparison between the
predicted HIC obtained through the MATLAB
optimization program and the observed HIC obtained
through the numerical simulations (MADYMO) for both
the CCF and CCC designs.

Table 6: Predicted vs. Observed HIC
Head Injury Criteria (HIC)

CCF CCC
Predicted CCD 45.3419 113.6057

Observed (MADYMO) 233 157.29
Practical Error Margin 187.66 43.68

The percentage of error for the CCF design is
approximately 81% which is large and 28%
approximately for the CCC design. 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 [5,8]. 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 [18]. It is
vital to note here that a design is deemed suitable when it
contributes to a low error between the predicted and the
observed values. The MADYMO crash analysis displays
the realistic scenario of the pedestrian crash impact and is
to be referred to for verification of the statistical design
method employed. The findings in this section support
fully the CCC design as it offers the best predictions.

6 Conclusion

In this study, a statistical optimization method has been
used to obtain the optimum design parameters for the
vehicle front end geometry, analyzing the differences
between the CCC and CCF designs. The conclusion can
be sumarized as follows:

–The ANOVA favours the CCF design, however the
Sum of Squared Residuals (SSR) value shows that the
CCC design offers a better fit of the model to the data.
Nevertheless the CCC’s ANOVA values are very close
to the CCF values and are within the acceptable range.
Thus both the designs are deemed significant.

–The CCC design is better able to capture the sensitivity
of the parameters as it offers more insight to the aspect
of the parameters in the vehicle profile optimization
process.
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Table 4: AdjustedR2 and PRESS RMSE Values for Full and Reduced Models

AdjustedR2 PRESS RMSE
Response Full Model Reduced Model Full Model Reduced Model

CCF CCC CCF CCC CCF CCC CCF CCC
HIC 0.712 0.636 0.72 0.648 0.145 0.152 0.1071 0.1079

Fig. 5: a) Response for Main Effect of BCH (X3) on HIC. b) Response for Main Effect of HLE (X4) on HIC

Fig. 6: a) Response for Main Effect of HL (X5) on HIC. b) Response Surface for Interactive Effect of BL (X2) and HEH (X7) on HIC

–The CCC design is also able to predict the HIC values
closer to the numerical values obtained through the
crash simulations in MADYMO. This is of great
significance as the design employed should be able to
predict closely to the real values.

Therefore it is concluded that the CCC design offers a
better prediction for the optimum values in comparison to
the CCF design in the vehicle front end profile
optimization study. It can be seen from the ANOVA that
the CCC though seemingly less significant still offers
very close values to that of the CCF designs and is very
much within the acceptable range, thus affirming the
conclusion made.
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