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Abstract

Head injuries are the most common cause of pedestrian deaths in car-to-pedestrian collisions. To reduce the
severity of such injuries, intertianal safety committees have propossaubsystem tests in which headform
impactors are impacted upon the car hood. In the first pathe paper, the developmt and validation of an adult
headform impactor finite element (FE) model is presented. The skin material model waslasswiseoelastic

and its parameters were identified by FE optimization téchn#éhe quasi-static and dynamic test data reported in
literature. Overall, it was shown that the geonwtiand inertial characteristics of the headfom FE model
developed in this study satisfy the regulations of mattonal safety agenciesThe second part of the paper
presents results of a hood optimization using simulations of the headform-hood impact test. A genericdood desi
was assumed consisting of two plates connected by byitlimctures. The reductions of head injury risk under
impact and the under-hood clearance space were included in an optimization problem which considered the
geometry of connecting spools and the panel thicknesses as design variables. The automatic design process was
shown to converge to an optimum design after seiterations. The methodology and recommendations for future
work presented in this paper may assist in the hood design of new car models to reduce pedestrianiksaththjur

meet new safety requirements.

Introduction
Head trauma is responsible for the mostaeyiof pedestrian injuries and mortality in
car-pedestrian accidents. Head injuries repteB@o of severe pedestrian injuries [1] and the
causes of 62% of pedestrian fatalities [2]. Thmefcountermeasures agsti head injuries are
of the highest priority in pedestrian safety strategy.

Several test procedures [2] agses the level of pedestriprotection for new car fronts
have been proposed by intetinaal safety committees such @ke International Organization
for Standardization (ISO), International Harmonized Research Activities (IHRA), and the
European Enhanced Vehicle Safety Committee (EEVThese proposed regulations involve the
impact of four impactors representing different paftthe human body into the front of a resting
vehicle. The test which quantifies the risk oflpstrian’s head injuries involves launching free
flying head-forms at 32-40 km/h against the vehicle hood. The acceleration time history is
recorded during the test by a sensor mountedllg in the impactor center of gravity, and is
used to asses the aggressiveness of the aatr dgainst pedestrians based on biomechanical
criteria. Using physical tests to optimize thdéetalevel of a novel hood design is costly in
terms of both time and money. A fast and cheap alternative could be the use of computer
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simulations using the Finite Element (FE) analysis, as long as a validated FE model of headform
impactor is used. Several papers [3-4] haes@nted the development and validation process of
different FE headform models based on the dsr@ns of physical impactor components and the
response of the impactor to several certificatiatiste However, these models are not public and
were not available for this study; therefotlee current FE model wakeveloped and validated
based on published data.

The hood surface is the most likely region where the pedestrian’s head comes into contact
with the vehicle [1] during accidents; theredfpra safer hood design is the most important
measure in pedestrian protection. Evaough the hood is usually a relatively compliant
structure and does not constitutenajor risk for head injurieghe stiff underlying structures
such as the engine components, can cause serious head injury when they come into contact with
the deformed hood. A good design solution ipriavide sufficient clearance between the hood
and the underlying structures for controlled dedien of a pedestrian's head and a headform
impactor. However, considerations of aeraayic design, styling, and cost can make it
extremely difficult to adjust a vehicle's front end geometry to provide more under-hood space. A
solution to this difficult problem is to dew a hood design that efficiently decelerates the
impactor with minimum deformation space. Okamoto et al [5], through studies of headform
impact tests and simulations, determined thergy absorbing performance of two candidate
solutions for hood structure: a brittle surface matemi#h an energy absorbing material, and an
elastic surface material with a buckling structure. However, the test pieces had relatively large
thickness (100mm) angere affixed to a hard floor, makingettapplication of their results to a
real hood design questionable. Recently, sother vehicle bonnet desighave been initiated,
such as the multi cone design [2], but basedur knowledge some adiie results concerning
hood design optimization have not been published.

This study proposes the utilization of recemtelepments in FE software to investigate
an FE optimization approach for hood desigi generic hood design including buckling
aluminum spools connected to two cover gdatis proposed for study. The geometric
characteristics of a cylindrical spool shapegetter with the thickness of upper and lower hood
plates are considered as design variables. The objective function is the minimization of the total
hood stroke (sum of hood thickness and bottptate deflection) with constraints in
biomechanical requirements and limited hood thiskneThe optimization process was defined
automatically through the connection of three software packages: TrueGrid [6] (for meshing),
LS-DYNA [7] (for simulating the headform impatgst), and LS-Opt [8] (for FE optimization).
Even though it is ideal to use a real hood modgétizer with its surrounding structures, it is
believed that the design approach proposedisidtudy will help in the development of new
design concepts for vehicle hood whighl improve pedestrian protection.

M ethods

Development and Validation of a Headform I mpactor FE Model

A typical headform impactor has three maiarts [9]: a steel base mounted with an
accelerometer, a spherical aluminum core, and a polyvinyl chloride (PVC) skin. The FE
headform model developed in this study alss theese three parts, modeled with approximately
14,800 solid elements, mostly hexahedral, itasstrated in Figure 1. The geometric
characteristics of the model use the publisbedcription of the physical JAMA-JARI adult
headform impactor [4] as reference. Becausestkel base and aluminum core component are
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much stiffer than the PVC skin, deformatioosthese components aexpected to be small
during the impact tests. Therefore, a linear elastic model and a rigid model were used as
illustrated in Table 1 for the core and base, respectively.

Figurel. The FE model of adult headfoimpactor (Transversal cross-section)

Comp. Material (LS-DYNA material mode!)
Base StegIMAT_RIGID)
Core Aluminum(MAT_ELASTIC)
Skin PVC (MAT_GENERAL_ VISCOELASTIC)

Table1l. Material models for FE headform components.

The first natural frequency of the headfoimpactor must be high enough not to
influence the acceleration measurement [9]. Therefore, the first frequency of the core structure
connected with the base should be higher §860 Hz according to IHRA requirements. In the
present study the first two natural frequencies of the core-base system were obtained using LS-
DYNA and compared with the frequencies of the JARI-JAMA physical model which were
measured by impact excitation tests using an impact hammer [6]. During the impact test the
PVC skin is in contact with the hood and experiences high deformation due its soft structure;
therefore its viscoelastic properties are critiat the fidelity of the headform impactor.
Unfortunately, the material progers of skin were not found iiterature, and attempts to obtain
these viscoelastic properties from the skin manufacturer were unsuccessful. Therefore, a LS-
DYNA viscoelastic material (MAT_76) was assigned for the skin and its coefficients were
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obtained using LS-Opt by material identification procedures. First, the bulk modulus (K),
“static” shear modulus (, and first two terms of the “damic” shear modulus expressed in a
Prony series in Egq. 1 were determined by simulating the quasi-static test performed on JARI-
JAMA physical model by Matsui et al [10].

G(t)=G, + iei e @)

In this compression test, the headform impactor was laid on a rigid table and half of the
skin thickness (7mm) was compressed vertically by a load cell moved downward and upward at
0.1 mm/sec. The same test was simulated in LS-DY&$Ashown in Figure 2 a) using a moving
rigid plate. The minimization of the root-meaquare (RMS) error between simulation results
and test data [10] of the rigid plate-skin contact force was defined as the optimization objective,
and the material coefficients were taken as design variables. Besides the quasi-static test a
dynamic drop test of the headform impactor frarheight of 376 mm was simulated as shown in
Figure 2 b).

a) b)

Moving rigid plate
Vo= 0.1 m/s l 376 mm drop
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Figure2. Test set-ups of skin fidation tests; a) quasi-static test; b) dynamic test

The drop angle was B@s in [10], which is close to the mean drop angle proposed by
1ISO (54) and category 1 of the IHRA (B5 Two additional termsvere added to the Prony
expression of shear modulus (Eqg.1) obtainedsbwulating the quasitatic test and their
coefficients were obtained by LS-Opt. Thbjective function was defined as the difference
between the maximum acceleration of headfampactor and 250 G — the mean value of the
biofidelic corridor proposed bi5O and IHRA (225-275 G). The simulation results of impact
tests (presented in the Reswdexction) suggested that the hieach FE model was in accordance
with ISO/IHRA requirements. Therefore, tlmodel was used in optimization of a generic
vehicle hood using the headform-hood impact test presented in the next subsection.

FE Hood Model and Simulation of the Headform-Hood I mpact Test

According to pedestrian safety regubais, the vehicle hood must not exceed the head
injury criteria (HIC) limit at every point of its inget surface. This requirement has significantly
changed the hood design from the traditional desigich consisted of a rib structure supporting
the outer panel, to a uniform structure exemplifiy the multi-cone hood design [2]. Therefore,
in this study, a uniform hood structure consisting of two rectangular plates (850 mm x 1450 mm)
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connected by a set of equidistant spools (¥srX 13 columns) is proposed for optimization, as
illustrated in Figure 3. Both oeit panels and spools are madealuminum (Al 6063), but with
different yield stresses: a stiffenaterial for the panels (228Pa) to meet standard load
requirements [2], and a softer material fooaig (100 MPa) to absorb energy by buckling
deformation during headform impact tests.

The mesh of the hood model investigated is #tudy was performed in TrueGrid using
a parametrical approach. The paeders defined in a TrueGrid batch file were: design variables,
which will be explained in the next subsectiamd mesh shape paramste Mesh parameters
were used to maintain a constant length of quadrilateral shell elements when the geometry of
spools was modified. All hood components weeied using Belytschko-Tsay shell elements
with constant thickness and three integration points.

A fine mesh is required for better FE predatins of the spool buckling. On the other
hand, small elements decrease the time steprafigiion, increase the number of elements, and
results in an increased computational costclmmpleting impact simulations and for reaching
convergence to a feasible, near optimal solutibhe sensitivity of the spool mesh was studied
in several buckling simulationsd a element size of 1 mm was found as a satisfactory model of
spool buckling. In order to reduce the numlbbé elements of the entire hood, 1 mm mesh
density was considered only in the region closest to the impact point, while in the rest of hood
where the amount of buckling is less, a 1.5 mm resolution was used. Overall, a typical hood
model consisted of apprimately 100,000 elements andettime step was about Oylsec.
During the impact simulation, the time step @ased significantly when the spool buckling
occurred, increasing the total simulation time. Therefore, in order to maintain the total
simulation time at a reasonable let/# minimum time step was limited at 0.06%ec using the
mass scaling feature of LS-DYNA. Howevehe inertial propert®e of the hood were not
affected by added mass which was al#b0i% of the total mass of the hood.

The hood angle was set to%1€brresponding to a typical sedan model and a 40 km/h
headform impact test was simulated in accordance with EEVC Phase 2 [2]. The impact angle
was set to 65as required by ISO and EEVC protocols éosedan type vehicle, as shown in
Figure 3b). Even though the proposed hoodgiteshould be evaluated at every surface point in
the same headform impact condition, only the ceotdrood was tested in this study to reduce
total computational time. However, it must be mentioned that the chosen point of impact results
in one of the highest strokes, paramethich was minimized in FE optimization.
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Figure 3. The FE model of a generic hood design used in FE Optimization

The design of hood edges, together with the mounting system of the hood to the vehicle
structure (e.g. hood hinges, latches, and bump Jstafso significantlyaffects the pedestrian
safety, especially when the it is closest to the hood boundaridsor simplification of the
optimization problem, the mounting systemtlé hood was approximateuith three revolute
joints corresponding to two hood hinges andtehlaystem. The rigid region under cowl! panel
was also simplified with a rigid wall at 30 mm distance to the hood.

Parametric Optimization of a Generic Hood Design

The most relevant characteristics of a s&fe@od design are: (1) sufficient stiffness to
allow a low under hood clearance; (2) an enalgorbing structure which efficiently
decelerates the headform impactor. In this study, these contradictory requirements were cast in a
constrained optimization problem with the followiolgj ective function:

Minimize TS: = S+H (2)

where the “strokeS is the highest normal deformation of the lower paHek the hood
thickness, and their suirS is the “total stroke”
subject to the followingonstraint:

HI1C<1,000 ®
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: ]-Za(t)dt} | (t,—t,) whereal(t) is

27y

HIC is the Head Injury Criteria, defined adiC = ma{

the time history of headform acceleration and the maximal time frame is limited to 15
milliseconds. An additionalonstraint was added to avoid some unrealistic hood designs in
terms of the hood thickness:

H<40 mm @

A cylindrical spool shape was used for the optiriaraanalysis, as illustrated in Figure 4. Their
geometrical characteristics were chosedesgyn variables with the range shown in Table 2.

Sktu t Table 2. Design space of spool geometric parameters
c
R q Spool R |d |h |t |ty |tp
h H Parameters mm [ mm | mm | mm [ mm| mm
Variable | min 4 | 10| 5| 0.08 0.6| 0.6
R v Range |max | 10 | 40| 30| 02| 2| 2
DY
/' ——

Figure 4. Geometrical parameters used in
FE spool design

The FE optimization was performed iy the Successive Response Surface
Methodology (SRSM) implemented in LS-OpR2inder a Linux operating system. To reduce
the number of simulations required per iterata linear polynomial model was used. The D-
Optimal design proved to give maximal confidence at low computational cost [8], and a full
factorial basis with 3 points p&ariable was used for all FE &uations. All design processes
were integrated automatically by connecting tbllowing software: TrueGrid (for generating
the hood mesh and preparing the input files for impact test), LS-DYNA (for simulating the
impact tests), and LS-Opt (for extracting andlgning responses, and proposing new designs),
as illustrated in Figure 5. This design approach may significantly reduce the time and cost
required for finding the best design sabutifor new vehicle hoods in future studies.

Mesh Generator Input files for impact tests

TrueGrid FE Solver

LS-DYNA

Proposed designs for evaluation FE Optimization | Results of impact tests
LS-Opt
v
Final Design

Figure5. Schematic automatic geomebptimization of hood design
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Results and Discussion

Validation of the Headform FE Model

The results of the headform FE model with optimized skin material show agreement
between quasi-static compression simulation and test data in terms of the force-deflection curve,
as illustrate in Figure 6 a). The value of thék modulus and the significant terms of dynamic
shear modulus, obtained based on an ANOVA aftefitkt iteration, are given in Table 3. Two
more Prony terms of the dynamic shear modulus showed significance when matching the
maximum acceleration target (250 G) in the drop certification test. The values of these terms
which were added to the terms identified in the quasi-static test are given in the Table 3. The
simulation results obtained in both quasi-static and dynamic tests suggest that the skin material
model is relatively accurate ifnsulations of impact with a vehicle hood. However, in order to
better characterize viscoelastic properties of skidifégrent strain rates, it is advisable that the
Prony series of shear modulus be expandedn¢tude more terms. This task could be
accomplished by running more identification tests, with the same methodology proposed in this
paper, when more test datarfraompression tests at different strain rates become available.

a) —FEsimulaton || Corridor (225-275 G)

14 + — = Middle of Corridor (250 G)

12 7 300 -

10 — JARI test 250
= = FE Simulation ) / :
< 8 T:/ 200 -
9 o
S 61 E=
o S 150 |
v 8

41 8 100 1

2 <

50
O o o T 1 0
0 2 4 6 8

Displacement (mm) 0 ! Times(ms) 4 s 6

Figure 6. Results of skin validation tests; a) quasi-static test; b) dynamic test

Table 3. Identified parameters of skin viselastic material model (MAT_76)
K Go Gy G B1 B2 Gs Gy B3 Ba
MPa | MPa| MPa|] MPa] 5 | s' [ MPa| MPa| s?

779.6| 0.483] 1.345 0.01 0.1 0.01 0.389 0.005 1000 100
— 7 _/

Identified in quasi-static test Identified in dynamic test

Various parameters (mass, outer diametemend of inertia, location of accelerometers,
natural frequencies) of the head-form FE modieyeloped in this study, were compared to
IHRA/ISO specifications and JARI-JAMA physil model in Table 4. The geometry of the
JARI-JAMA headform base is complex and retough information is available in [9] to
accurately model this part in the FE model. The calculated natural frequencies of the FE
impactor without skin were slightly lower (1-3.8%jan those measured [#]. The first three
frequency modes calculated in LS-DYNA are illusgchin Figure 7; the first mode shows a
similar shape with that of the JARI-JAMA impact@]. Similar inertial properties of the FE
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model to those of the physical model shown fienence [4] suggest that the simplification of the
base geometry in the FE model was reasonable. Overall, the geometrical, inertial and impact
properties of the FE headform model met the IABA specifications; therefore, the model was
used in simulating headform-hood impacts, presented in the next section.

Table 4. Comparison between the specificationploysical adult headform impactor and FE

model
Parameter Units IHRA/ISO JARI physical FE model
specifications model

Mass kg 4.5+0.1 4.494 4.5
Diameter mm 165+1 164.5 165
Drop test corridor G 225-275 255 250
Distance CG — GC mm +2/+10 0.4 0
1% natural frequency Hz Over 5,000 8,496 8,248
2"/3 natural frequencies Hz not specified 8,576/10,720  8,250/10,615
Moment of inertia kgmm| 0.0075-0.02 0.0115 0.01
Distance AL — GC mm +2 0.4 0

*CG — Center of Gravity; GC — GeomgiCenter; AL — Accelerometer Location

AAA

a) First frequency mode b) Second frequency mode c¢) Third frequency mode

Figure7. The natural frequency modes of the FE adult headform impactor.

Optimization of the Generic Hood FE Model

The design optimization process of theneric hood was performed using the SRSM
method which is an iterative gress involving the modificatiensf design parameters in an
effort to improve the model responses. The&SBRmethod iteratively reduces the design space
to a convergence region that possesses theegtditelihood of contaiing the global optimum
point based on successivetaxenodel approximations using polynomial regression.

In this study, the optimization process wampped at the beginning of the forth iteration,
which was considered sufficient for this exploratory phase. The design space after three
iterations and the meta-model optimum approximation point - first point of fourth iteration are
given in Table 5. The thickness and heighspéol and the thickness of the upper panel have
converged toward their lower limits favoring thefaenation of these structures and gradually
deceleration of the headform impactor. On the contrary, the thickness of the lower panel has
converged toward a higher thickness increasimgsditiffness of lower panel and reducing the
hood stroke. The other two parameters, the inteliemneter of spool and the connection radius
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converged to interior values of the desigrasp and showed the smallest influence in the
responses (HIC and totstroke) based on an ANOVA.

The impact responses of the hood at the design points chosen by the DOE scheme in the
first three iterations are shown in Figure 8 aleinms of a trade-off plot of the constraint: H{C
versus the optimization objective: the total strok& high concentration of response points,
which contains the first design point of thaufth iteration, is a regn between 60-75 mm total
stroke and 1000-1200 H{€ suggesting that this region contains the global optimum design
point. The time histories ofgadform acceleration and the @efion of lower hood panel of the
optimum design point are presented in Figure 8 b). A slight violation of the HIC constraint could
suggest that a small reduction of the limit (about 5 %) of this constraint could increase the
number of feasible design points which verify thiomechanical constraint currently used in
regulation.

3000 - 3) A [teration 1 b) _
= lteration 2 —— Headform Acceleration
A A . 200 7 . T 50
£2500 7 + |teration 3 — — Lower Panel Hood Deflection
) @ Iteration 4 0) | - T~ L 40 B
T£2000 | = . = 150 e £
= A 2 s B + 30 <
21500 1 = n < 100 - / HIC15=1029 _g
2 o T ! +20 g
S * .A-.‘ N 3 / =
01000 A-+===--- / ....... A “: .......... PR 2 50 - // 1108
(62.2, 1029) -
500 \ \ ‘ | 0 ‘ ‘ ‘ 0
40 60 80 100 120 0 5 10 15 20
Objective: Total stroke (mm) Time (ms)

Figure 8. a) Trade-off of HIC15 versus Total stoke The time histories of headform
acceleration and the deflection of Hood Lower Pankst simulation (te fourth iteration)

Using the methodology presented in thisidst the performance of other buckling
structures (e.g. conical spoolshould be considered as well. By varying the spool shape or
spool arrangements, additional fises solutions may result. In addition, this study showed that
to accurately simulate the buckling phenomena requires fine mesh and therefore high
computational power. A software solutionr fbetter simulation of buckling would be to
introduce some buckling initiators in mesh structure based on the buckling modes of the structure
when this feature becomes available in LS-DYNA or/and adaptive meshing . In conclusion, the
convergence of the FE optimization design apphotoward an optimum design suggests that
this automatic method has a great potential fqggrowing pedestrian safety, but more work is
need in reducing the computatal time required b#E optimization.
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Table 5 Design space of spool geometric parameters at the fourth iteration

R d h tc ty tp

mm mm mm mm mm mm
min | 4.85 10 5 0.08 0.6 0.94
max| 6.77 | 15.7| 11.8] 0.11 1.22 1.55
Iteration 4 581 | 12.8 5 008 | 06 | 1.25

Spool Parameters

Variable Range

Conclusions

In the first part of this study, a FE mddé adult headform impactor was developed in
LS-DYNA based on the characteristics of the JARI-JAMA physical headform. A viscoelastic
material model was assumed for the impactor skin and its coefficients were identified based on
guasi-static and dynamic compression test data using an FE optimization approach in LS-Opt.
Overall, the technical characteristics of the FE headform model showed to be in accordance with
IHRA/ISO regulations. In the second part of thigdy, the headform FE model was used in the
design optimization of a generic vehicle hood.e Diptimization problem vgadefined in LS-Opt
according to the stiffness and energy-absorbing characteristics required by new pedestrian safety
regulations. The whole process of the develepinof the hood FE model, evaluation of impact
tests, and proposing a tter design in the predefined ranges of geometric variables was
integrated using an automated approach.enEthough the design approach was limited to
simulating only impacts at the center of the haod only one geometric shape of the buckling
structure, the successful convergence of design suggests that the method proposed has
potential for improving hood design accordingiew safety requirements without the high
monetary and time expenses associated with physical prototype testing.
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