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ARTICLE INFO ABSTRACT

Pedestrian protection capability is critical for lightweight design of automotive engine hood. Here, a novel and
lightweight composite sandwich hood including two fiber reinforced composite panels and a lattice core was
proposed and the corresponding pedestrian protection performance was evaluated via Head Injury Criterion
(HIC). The novel double-curvature composite sandwich hood with a pyramidal lattice core was designed based
on a commercialized product with a weight reduction by 25%, and fabricated using interlocking approach. A
homogenized constitutive model was developed for the pyramidal lattice core and utilized in the following
headform-to-hood impact simulations with LS-DYNA. The stiffer sandwich hood revealed better pedestrian
safety performance compared with the corresponding baseline hood without lattice core where secondary col-
lision happened. Also, effects of geometrical variables, material selection and core types were discussed. The
variation of panel thickness played a more important role in the average HIC values compared with that of core
geometries. Among various material selections, hoods designed with carbon fiber reinforced composite (CFRC)
panels and a flax fiber reinforced composite (FFRC) lattice core achieved the minimum head injury. Additionally,
lattice core outperformed traditional honeycomb and foam in sandwich hood design. The present study de-
monstrates the feasibility of employing lattice materials in lightweight design of hood and other car body
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coverage.

1. Introduction

In vehicle-to-pedestrian accidents, head trauma is one of the fatal
damage forms and head injuries account for 31.4% of 3305 Abbreviated
Injury Scale (AIS) 2+ injuries [1]. Statistics show that the impact on
front side of cars is the major cause of pedestrian deaths (83.5%) [2].
Automotive hood and windshield are frequent pedestrian head injury
sources and should be designed for pedestrian safety [3,4]. A well-de-
signed hood can modify the acceleration response of head impact and
thus mitigate head injury [5]. Pedestrian impact tests are performed
according to regulations provided by Euro NCAP (European New Car
Assessment Programme) and HIC value is commonly used as the cri-
terion to evaluate the severity of a possible head injury. Wu and
Beaudet proposed an ideal acceleration-time history waveform peaking
rapidly and decaying exponentially to achieve HIC < 1000 [6].

Energy and environment sustainability restricts the development of
traditional automotive industry. Lightweight design, including light-
weight materials selection and structural optimization, has become a

hot topic to solve these problems [7]. Fiber composite material has
shown greater specific properties with respect to their metallic coun-
terparts such as aluminum and steel commonly used in traditional car
body, and has attracted lots of attentions of OEM (Original Equipment
Manufacturer). Moreover, sandwich structures consisting of two face
sheets and a low-density core (such as honeycomb and foam core), are
also popular in car body for lightweight design and crushing protection
[8]. Several studies have been dedicated to the new design concepts of
hoods based on pedestrian protection behavior. For example, previous
research showed that the average HIC values of carbon fiber composite
hoods were lower than those of steel and aluminum hoods [9]. Zhou
et al. focused on sandwich hood and proposed an novel corrugated core
hood design [10]. Peng et al. also evaluated the integral stiffness and
pedestrian protection behavior of sandwich hoods with a honeycomb
core [11].

Architected materials, as known as lattice materials, were termed as
the most potential lightweight material of the next generation because
of their high structural efficient and multi-functional advantages
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Fig. 1. a) Schematic of a pyramidal lattice unit cell with controllable geometric parameters and models of three design points I to III in Ref. [24]; b) stress-strain
curves of pyramidal lattice unit cells under compression and shear loading condition by experiments and simulation with ductile damage failure criterion; c) stress-

strain curves of unit cell analysis with maximum failure strain criterion.
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Fig. 2. Exploded view of lattice core sandwich hood.

[12,13]. Some composite structures, such as liquid filled lattice struc-
tures [14,15] and soft energy absorption structures [16] were proved to
possess good energy absorption capability. Crashworthiness of fiber
reinforced composite lattice structure was also investigated in the
previous literature [17]. Numerical methods including homogenization
modeling [18,19] and detailed modeling methods [20] were proposed
to accurately evaluate the mechanical properties. Pyramidal lattice, for
example, showed their excellent mechanical properties together with
energy absorption capability at ultra-low density [21], which could be
promising for vehicle lightweight applications. Interlocking approach
has been used to construct a single-curvature lattice structure, and
pyramidal lattice cylinders shell has been investigated [22,23]. Ad-
ditionally, a low-cost and recyclable approach by employing natural
flax fiber as reinforcement in the lattice materials was investigated by
Gao et al. [24]. FFRC could be a cheap and eco-friendly choice for
automotive hood manufacturing [25].

The aim of this study is to evaluate the pedestrian protection
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capability of a novel lattice core sandwich hood. The sandwich hood
containing a composite pyramidal lattice core was designed and fabri-
cated using interlocking approach. Subsequently, headform-to-hood
impact simulations were conducted according to Euro NCAP standard
[26]. Effects of material selection and geometrical variables were also
discussed for head injury mitigation strategies and further hood design
guidance.

2. Lattice material modeling

For a lattice core sandwich hood, the detailed explicit model con-
tains approximately 6000 representative volume elements (RVE),
which is computationally prohibitive and time-consuming to regenerate
the entire model when local designs change. In the present study, a
homogenization method for lattice materials will be utilized referring to
previous studies [27,28]. The lattice geometry is simplified into an
equivalent continuum which replicates the volumetric average stress
and strain fields under general loading conditions. Thus, the simulation
results will only contain volumetric average terms but not the field
variation within each individual lattice truss member, which will
greatly simplify large-scale structural analysis of lattice materials.

2.1. Constitutive model of lattice material

The pyramidal lattice materials have special symmetry as shown in
Fig. 1 and can be termed orthotropic which have nine independent
elastic constants. The elastic constitutive function of pyramidal lattice
can be described as Egs. (1) and (2) with elastic strain tensor and stress
tensor (with Cartesian indices):
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Fig. 3. The fabrication flowchart of the double-curvature lattice sandwich structures: a) processing composite sheets using VARI method; b) truss strips cutting from
composite sheet; c) assembled double-curvature lattice core; d) sandwich panels.

Fig. 4. Double-curvature pyramidal lattice sandwich structure: a) interlocking strips; b) lattice core and c¢) sandwich panel.
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where the elastic compliance matrix S;; can be given with engineering
elastic constants as: 2.2. Lattice material properties

According to the constitutive equation above, nine independent
elastic constants are necessary to describe the elastic response of
homogenized lattice material (Ell’ Ezz, E33, Glz, Ggl, G23, V12, U31, 1/32),
which can be gained by uniaxial testing, meso-mechanics analysis,
numerical simulation and combination thereof [27]. Thus, four types of
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Fig. 5. a) Headform-to-hood FEA impact model; b) illustration of boundary
conditions and impact locations.

uniaxial tests including in-plane compression, in-plane shear, out-of-
plane compression and out-of-plane shear needed to be carried out as
clarified in Fig. 1b). Here, unit cell (Fig. 1) modeling was adopted in
ABAQUS/CAE to acquire these constants, with geometrical parameters
strut inclination w = 45°, length between two inclined struts at the
pyramidal node l; = 6.34 mm, height of lattice structure h = 10 mm,
width of struts b =2mm and thickness of interlocking stripes
t = 2.4mm. The mechanical properties of flax fiber reinforced compo-
sites were obtained from the previous literature [24]. Ductile damage
failure criterion was employed and then the corresponding failure
strain gained from the stress-strain curves was input. During the unit
cell analysis, the free sides of the unit cell were simply supported. The
mechanical responses of the unit cell lattice under different loading
conditions were shown in Fig. 1b), Also, Poisson’s ratios in three
principle axes could also be obtained with the same unit cell in free
boundary conditions. The resultant modulus shows good agreement
with the theoretical predictions in the Ref. [24].

The modeling results above were validated by comparison against
experimental tests including out-of-plane compression and shear, as
compared in Fig. 1b). The experimental setup and specimen of through-
thickness compression tests follows the standard [29]. Out-of-plane
shear tests are performed on a hydraulic servo testing machine (MTS
810) using single-arm shear clamp at a displacement rate of 1 mm/min
following ASTM C273. Samples with 3 X 6 unit cells were prepared,
and at least two repeated tests are carried out to ensure the repeat-
ability. The stiffness and strength values by modeling are 4.1% and 10%
greater comparing with experiments, which is acceptable. Accordingly,
the properties obtained from unit cell simulation will be used as input
in the following analysis.

3. Design and modeling of engine hood
3.1. Design

For a commercialized engine hood, the integral surface consists of
several double-curvature sections separated by character lines. Based
on a commercialized engine hood, a double-curvature sandwich hood
was further designed with profiling smoothed and localized curvature
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variation ignored as shown in Fig. 2, which was composed of an outer
panel, a pyramidal lattice core and a support panel with thickness of
2.5mm, 10 mm and 2.5 mm, respectively. Note that the coverage area
of the lattice core and support panel was limited to adult and child head
impact area according to Euro NCAP standard, and the unfilled space
under the outer panel is occupied by hinges and latch mechanisms at-
tached. The hood panels were fabricated with 12 plies of carbon fiber
weave fabric. A typical sandwich hood weighs 12.97 kg, achieving a
weight reduction of 25% compared to the mass of the commercialized
steel hood (17.30 kg).

A cost- and time-efficient fabrication method is vital for the appli-
cation of the above designed sandwich hood. In this work, the inter-
locking process developed in the former publication [24,30,31], was
employed for a double-curvature pyramidal lattice core sandwich
panel. The whole fabrication flowchart was illustrated in Fig. 3. Firstly,
flax fiber reinforced laminates were fabricated based on vacuum as-
sisted resin infusion (VARI) method as specified in Gao’s work [24].
Secondly, strips with shape designed according to the curvature of
panels were cut off from the laminates by engraving machine and then
grooved in for the following assembly. Then, the strips were interlocked
and assembled in proper order forming the double-curvature pyramidal
lattice cores. Finally, the outer and support panels fabricated with glass
fiber reinforced composites (for the visibility of lattice cores inside) by
VARI approach were bonded to the lattice cores using adhesive films.
The fabricated strips, pyramidal lattice core and sandwich panel were
shown in Fig. 4. The overall size of the double-curvature sandwich
panel was about 300 mm x 300 mm X 35 mm weighing only 319.12 g.
Note that the fabrication approach proposed is also feasible for any
arbitrary double-curvature lattice core sandwich panels and hoods
thereof.

3.2. Modeling

3.2.1. Homogenization method validation

To validate the continuum homogenization approach, low velocity
impact (LVI) models were built up in LS-DYNA according to a testing
procedure ASTM D7136/D7136M [32]. As shown in Fig. 6a) and b),
finite element (FE) models of square sandwich plates with detailed
6 X 6 lattice unit cells and the corresponding homogenized models
were established, respectively. Three groups of lattice geometric para-
meters are considered: I). b/h = 0.2, t/h = 0.24, II). b/h = 0.16, t/
h = 0.16 and III). b/h = 0.225, t/h = 0.2. Eight-node solid elements
are used for detailed and homogenized lattice core and Belytschko-Tsay
shell elements for the face sheets. An hourglass model with an hourglass
coefficient of 0.05 and control type 5 is utilized in detailed and
homogenized lattice core which are with solid section. The sandwich
panels were fully constrained at the four boundaries in LVI test. The
detailed lattice model directly utilized the raw material mechanical
properties as input, while for homogenized lattice core, the mechanical
properties (nine elastic constants, stress-strain curves and failure strain)
obtained from unit cell analysis aforementioned as shown in Fig. 1b)
were imported into MAT40 NONLINEAR ORTHOTROPIC. A hemi-
spherical impactor with a mass of 3.215 kg and radius of 10.25 mm was
applied and the impact velocity was set to be 2.5m/s to acquire a ki-
netic energy of 10J. The acceleration and kinetic energy variation of
impactors were recorded and compared between two modeling ap-
proaches in Fig. 6¢)~e). Although the detailed numerical model pre-
dicts an undulatory acceleration value than the simulation results for
homogenized models, tendency of the two simulating methods are
virtually the same, and the average level can be considered as a good
correlation. Therefore, the homogenization method in this study is re-
liable for the following modeling about impact tests of lattice core
sandwich hoods.

3.2.2. Sandwich hood modeling
To evaluate the pedestrian protection capability of lattice core
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Fig. 6. Comparison between the detailed lattice sandwich model and homogenized model: a) detailed lattice sandwich LVI model; b) homogenized lattice sandwich
LVI model; ¢), d) and e) are comparison of kinetic energy-time and acceleration-time histories between two models for geometric parameter group I), II) and III).

sandwich hoods, a headform-to-hood impact model was established in
LS-DYNA according to Euro NCAP standard as illustrated in Fig. 5. As
EEVC standard recommends, an underhood clearance of 70 mm can
guarantee the minimum HIC value under 800. Thus, a rigid surface
parallel to the outer hood surface with a translational distance of
70 mm was created representing the stiff parts under the engine hood
(e.g. engine block) as shown in Fig. 5a [33]. An adult head FE model
which has been validated otherwise was employed in this study. The
headform contains 5 parts weighing 4.8 kg, including a null shell, an
outer shell with viscoelastic property, an aluminum inner shell, an
aluminum baseplate and an accelerometer. One may refer to [9] for
more details about the headform modeling. Referring to the impact

configurations of Euro NCAP adult headform tests, the headform was
launched against the impact hood at a speed of 40 km/h with an impact
angle of 65° to the ground reference level. As shown in Fig. 5b, four
impact points A-D were selected from the red-dot-line area amongst
wrap around distance (WAD) 1700 mm, the rear reference line (RRL)
and side reference lines (SRL) with X and Y coordinate values in-
cremented by 50 mm and 200 mm respectively. At the latch positions
(Pointes E and F), all translational degrees of freedom (DOFs) were
constrained; while at hinge positions (Points G and H), all DOFs were
fixed except the rotational DOF in XOZ plane. Displacement in Z di-
rection was constrained for the leading and lateral edges of hoods.
The hood outer and support panels were defined as shell elements
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Fig. 7. Resultant acceleration-time curves: a) lattice core sandwich hood and b) baseline hood (shadow areas indicate the time phase of acceleration peaks); c)
summary of the resultant HIC values of baseline hood and sandwich hood at 4 impact locations; d) result comparison at impact points A and D between two head-to-
hood impact simulations with different failure criterions during unit cell analysis.

(S4R) while the homogenized lattice core was constructed of solid
elements (C3D8R). The three layers were connected by setting as
conode to simulate the interfacial properties between each two neigh-
boring layers. Finally, the sandwich hood impact model shown in Fig. 5
was simulated with 205,201 shell elements and 90,978 solid elements.
MAT40 material model utilized in Section 3.2.1 was again employed
here for flax fiber reinforced composite lattice core after homogeniza-
tion, and MAT54/55 COMPOSITE_DAMAGE for twelve plies of carbon
fiber fabric composite hood panels with Chang-Chang failure criterion
automatically executed.

To investigate the effect of lattice core on the pedestrian protection
capability of engine hood, the same impact simulation of a baseline
hood without lattice cores was carried out for comparison. The baseline
hood with lattice core removed is a double-layer shell structure similar
to most commercialized hoods composed of outer and support panels.
The boundary conditions were set to be the same, while additionally
displacement in Z direction was constrained for the two lateral
boundaries of isolated support panel.

3.3. HIC calculation

Head Injury Criterion (HIC) proposed by the National Highway
Traffic Safety Administration (NHTSA) is defined as Eq. (3):

{[1/02—@) s a(t)/gdr]“ (rz—rl)}

The equation shows that HIC value is an integration value of ac-
celeration during a limited time (HIC;5 corresponding to 15 ms). Once a
headform impact simulation is executed, the resultant HIC;s5 value
could be calculated automatically from the acceleration-time (a-t) curve
through 1000 Hz SAE filter in the post-treatment module of LS-DYNA.
When HIC;5 value surpasses the threshold of 1000, the collision is
deemed to bring irreversible injury to an adult head.

HIC = max

t1<tz,t—t1<15ms

3)
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A typical acceleration response curve is consisted of four phases, the
peaks of which are dominated in sequence by hood active mass, hood
stiffness, boundary condition and secondary collision, respectively
[34]. Among the four factors, structural stiffness and secondary colli-
sion will significantly affect the hood average HIC value. The accel-
eration ascends with hood stiffness; on the other hand, large deforma-
tion for a relatively soft hood or impact upon stiff under-hood parts will
possibly induce a secondary collision which arouses a high peak value
of acceleration as well. Accordingly, an appropriate integral stiffness
will be vital for the design of a pedestrian-friendly hood.

4. Result and discussion
4.1. Pedestrian protecting performance

In order to evaluate the pedestrian protecting performance of lattice
core sandwich hood, the corresponding acceleration responses and HIC
values on four impact locations were compared with those of baseline
hood as shown in Fig. 7. The acceleration-time curve of sandwich hood
as shown in Fig. 7a contains one major peak at ~2ms without sig-
nificant peaks afterwards. The first peak is due to active mass and
structural stiffness which dissipate most of the kinetic energy. Note that
the resultant a-t curves of sandwich hood are rather similar to the ideal
one from Wu and Beaudet [6]. Compared to sandwich hood, the a-t
curves of baseline hood are quite different. Taking the response at
impact point B as an example shown in Fig. 7b, the initial a-t curve of
baseline hood is relatively flat and the major peak appears at ~12 ms
(with duration time about 6 ms) which reflects severe secondary colli-
sion induced by the large deformation of baseline hood at impact point,
as illustrated in the contour of Table 1. Secondary collision results in
higher HIC values of baseline hood. The impact a-t curves at points A
and C are quite similar with that at point B but different from that at
point D. The impact point D is close to hinges where large deformation



S. Yin et al. Composite Structures 201 (2018) 131-140

Table 1
Deformation contours in four impact locations (A-D) and the corresponding HIC values.

Impact locations Lattice core Sandwich hood Baseline hood

Fringe Levels Fringe Levels

8.691€+01 3.916e+01
7.822e+01 :l 3.525e401 :I
6.953e+01 _| 3.133e401 _
6.084e+01 _ 2.741e+01 _
5.215e+01 _ 2.350e+01 _
4.346e+01 _ 1.958e+01 _

A 3.476e+01 _ 1.566e+01 _
2.607e+01 _ 1.175e+01 _
1.738e+01 7.832e400
8.691e+00 ] 3.916e+00
0.000e+00 _} 0.000e+00

HIC15: 1236 HICIS =1851.6
Fringe Levels Fringe Levels
700656 4.993e+01
7.830e+01 44040401
6.960e+01 _| 3.995e+01 _|
6.090e+01 _ 3.495e+01 _
5.220e+01 _ 2.996e+01 _
4.350e+01 _ 2.497e+01 _
B 3.480e+01 _ 1.997e+01 _
2.610e+01 _ 1.498e+01 _
1.740e+01 9.987e+00
8.700e+00 ] 4.993e+00
0.000e+00 _| 0.000e+00
HIC,5=1189 HIC,5s =2851.4
Frnge Leveis Fringe Levels
8.715e+01 5.500e+01
7.843e+01 ] 5.039e+01
6.072e+01 _| 4.479e+01
6.100e+01 _ 3.919e+01
5.220e+01 _ 3.350e+01
4.357e+01 _ 2.800e+01 _
C 3.486e+01 _ 2.240e+01 _
2.614e+01 _ 1.680e+01 _
1.743e+01 1.120e+01
8.715e+00 5.599e+00 :l
0.000e+00 _| 0.000e+00 _|
HIC,5= 1237 HIC,5 =2759
Fringe Levels Fringe Levels
8.682e+01 5.201+01
7.814e+01 ] 4.681e+01
6.946e+01 _| 4.161e+01
6.078e+01 _ 3.641e+01
5.200e+01 _ 3421401 _
4.341e+01 _ 2.601e+01

D 3.473e+01 _ 2.080e+01 _

2.605e+01 _ 1.560e+01

1.736e+01 1.040e+01 ]

8.682e+00 ] 5.201e+00

0.000e+00 _| 0.000e+00

HIC15: 1336 HIC15 =878

is constrained and thus no secondary collision happens. According to head-to-hood impact simulations with different failure criterion during
the acceleration-time waveforms, the HIC values of sandwich hood at analysis of unit cell are carried out. The corresponding acceleration-
four impact points were summarized and compared with those of time curves as well as HIC values at impact points A and D show good
baseline hood in Fig. 7c. The average HIC value of sandwich hood de- agreement (Fig. 7d), which proves that the failure criterion during
creases noticeably by 40% comparing with that of baseline hood, with analysis of unit cell has little influence on the evaluation of pedestrian
total weight increase of only 2.1% for the existence of core. Besides, protection capability.
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Table 2
Parametric matrix of geometric variables of lattice core sandwich hoods.
b/h t/h t, (mm)
0.16 0.16 1
0.2 0.2 2.5
0.225 0.24 4
—u— b/h=0.2;t/h=0.24
4000 —o— b/h=0.16;t/h=0.2
d lision h d —A— b/h=0.16;t/h=0.16
| Secondary collision happene —v— b/h=0.225:1/h=0.24
—— b/h=0.2;t/h=0.16
g3or —a— b/h=0.225;1/1=0.16
g L —>—b/h=0.2;t/h=0.2
Q :' —o— b/h=0.16;t/h=0.24
T 2000 : —x— b/h=0.225,t/h=0.2
1000 pagaans ko x --------

2.5
Thickness of hood panels, tp(mm)

Fig. 8. Resultant HIC values with different t; at different combinations of b/h
and t/h.
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Fig. 9. HIC variation tendencies with b/h and t/h at different t,: a) t, = 1 mm;
b) t, = 2.5mm; ¢) t, = 4mm.
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4.2. Effects of geometric variables

One advantage of lattice core sandwich hoods is their designability
with various variables either in panels or lattice cores. The panel
thickness t,, and two dimensionless variables b/h and t/h were taken as
geometric variables with [; fixed to 6.34 mm and inclination angle 5t/4
suggested by the previous work [35]. For each variable, three values
were given as shown in Table 2 and all the variables were fully coupled.
Then, hood FE model were created and simulated for 27 possible
combinations in total. Headform was also launched against impact
hood at four impact points A-D, and the corresponding a-t curves were
recorded. The average HIC values of four impact points with various t,
are plotted in Fig. 8 at different b/h and t/h. Generally, the average HIC
values decrease first and then increase with hood panel thickness, and
t, = 2.5mm is the most satisfactory parameter in terms of pedestrian
protection. As t, = 2.5mm, about half of the designed combinations
meet HIC < 1000 threshold. As hood thickness increases from 2.5 mm
to 4 mm, the stiffness increases and thus the resistance to impact de-
formation increases. According, the headform acceleration increases
resulting in higher HIC values for t, = 4 mm. On the other hand, as
hood thickness decreases from 2.5 mm to 1 mm, secondary collision is
ready to happen with a relatively soft hood which causes resultant HIC
values over 1100. When the secondary collisions tend to happen in
virtue of lower hood stiffness or lack of underhood clearance, adjust-
ment of lattice geometric parameters may change hood stiffness and
eliminate secondary collisions as shown in Fig. 8.

The effects of lattice core geometries b/h and t/h to HIC value is
limited as shown in Fig. 8 and more explicit tendencies about core
geometries to the HIC value at different panel thickness are plotted in
Fig. 9. The average HIC value will increase first and then decrease with
b/h and t/h when panel thickness t, = 2.5mm and 4 mm with none
secondary collision scenarios, and thus a combination of b/h and t/h
corresponding to the minimum HIC value is recommended for lattice
core design; while for t, = 1 mm, the tendency is completed reversed.

The mass of sandwich hoods with carbon fiber reinforced composite
panels and flax fiber reinforced lattice core at different panel thick-
nesses and core geometries was calculated and summarized in Table 3.
Variation of panel thickness plays a more significant role on the hood
mass than that of lattice core geometries. The hood mass fluctuation
with t, increased by 1.5mm is approximately 6.8 kg while that with
lattice geometric variables rarely surpasses 2 kg.

4.3. Effects of material variables

To investigate effects of material types, headform-to-hood impact
tests for a series of material combinations of sandwich hood as sum-
marized in Table 4 have been simulated with panel thickness fixed at
2.5mm, b/h = 0.225 and t/h = 0.2. CFRC (TORAY T700SC-12K weave
fabric), glass fiber reinforced composite (GFRC) (3238A/EW250F) and
FFRC (fabricated in laboratory) were selected as raw materials of both
hood panel and lattice cores for comparison and the corresponding
mechanical properties were shown in Table 5. Besides, other core ma-
terials such as PMI foam (ROHACELL®200WF) and aluminum honey-
comb were also examined here with the same core height. Honeycomb
and PMI material were separately modeled using MAT_HONEYCOMB
and MAT SOIL_AND _FOAM, with referred input parameters [36].

Fig. 10 illustrates the pedestrian protection capability versus hood
mass at different material combinations standing from different points
of view. As shown in Fig. 10a, hoods with FFRC panels occupy higher
HIC and lighter weight area, while those with CFRC and GFRC panels
possess acceptable HIC and greater weight areas. The HIC values of
CFRC panels are generally lower than those of GFRC ones. From the
viewpoint of core material shown in Fig. 10b, HIC values of lattice cores
are generally lower than those of foam and honeycomb. Note that the
materials property variation of foam and honeycomb is limited in this
study, however, the results indicate that sandwich hoods with PMI foam
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Table 3
Mass of lattice core sandwich hoods (kg) with different geometric variable
combinations.

b/h t/h Hood mass at different t, (kg)
t, = 1mm t, = 2.5mm t, = 4mm
0.2 0.24 6.89 13.75 20.61
0.16 0.2 7.10 13.96 20.82
0.225 0.16 6.83 13.69 20.55
0.2 0.2 6.31 13.17 20.03
0.16 0.16 6.72 13.58 20.44
0.225 0.24 7.96 14.82 21.68
0.2 0.16 6.12 12.98 19.84
0.16 0.24 7.94 14.80 21.66
0.225 0.2 7.12 13.98 20.84
Table 4

Material variable combinations of lattice core sandwich hoods.

No. Core material Hood panel material
1 CFRC CFRC
2 GFRC GFRC
3 FFRC CFRC
4 FFRC FFRC
5 FFRC GFRC
6 PMI foam CFRC
7 PMI foam FFRC
8 PMI foam GFRC
9 Aluminum honeycomb CFRC

Table 5

Mechanical properties of raw material in lattice structures and hood panels.
CFRC
p (kg/m®) 1500 41 (MPa) 912
E;1(MPa) 55,779 o5, (MPa) 708
E3»(MPa) 54,572 02 (MPa) 771
V12 0.4 052 (MPa) 698
G12(MPa) 4214 72 (MPa) 132
GFRC
p (kg/m%) 1900 di1 (MPa) 505
E11(MPa) 24,500 051 (MPa) 380
E,»(MPa) 24,500 o5, (MPa) 505
V12 0.42 052 (MPa) 380
G2(MPa) 34,100 5> (MPa) 55
FFRC
p (kg/m%) 1180 di1 (MPa) 35
Ey11(MPa) 2500 051 (MPa) 90
E,»(MPa) 2500 a5, (MPa) 35
V12 0.4 052 (MPa) 920
G12(MPa) 2070 73> (MPa) 38

and honeycomb may have comparable pedestrian protection capability,
but still inferior to those with lattice cores. Compared with the com-
mercial steel hood aforementioned, there are noticeable mass reduc-
tions as well as pedestrian protection capability improvement for the
lattice core sandwich hood. Furthermore, the best material combination
corresponding to the lowest HIC value from Fig. 10 should be CFRC
panels and FFRC lattice cores with ideal lightweight effects as well.

5. Conclusion

A novel lattice core sandwich hood was developed in the present
study for automotive lightweight and the pedestrian protection cap-
ability was examined. The double-curvature sandwich hood consisting
of two fiber reinforced composite panels and a pyramidal lattice core
was designed based on a commercial product, and its weight can be
reduced by 25% comparing with that of the steel commercial one.
Interlocking fabrication method was employed to realize the above
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Fig. 10. Ashby style plot of pedestrian protection capability and lightweight
effect of material variables analysis results in the light of a) panel materials and
b) core materials.

design. The pedestrian protection performance of sandwich hoods was
evaluated via HIC value of headform through headform-to-hood impact
tests. A homogenized constitutive model was developed for the pyr-
amidal lattice core and utilized in the following impact simulations
with LS-DYNA. Referring to the impact configurations of the Euro NCAP
adult headform tests, the headform was launched against the impact
hood and four impact points were selected from the specified area. The
resultant a-t curves of sandwich hood were rather similar to the ideal
one from literature [6]. Also, the stiffer sandwich hood design showed
better pedestrian safety performance compared with the corresponding
baseline hood without lattice core.

Effects of geometrical variables, material selection and core types
were discussed. The overall bending stiffness of sandwich hood to some
extent determines the corresponding pedestrian protection perfor-
mance. The average HIC values varies more significantly with panel
thickness than core geometries. Among various material selections,
hood designed with carbon fiber reinforced composite (CFRC) panels
and a flax fiber reinforced composite (FFRC) lattice core achieved the
minimum head injury. Moreover, lattice core outperformed traditional
honeycomb and foam core in the sandwich hood design. The present
work demonstrates the feasibility by employing lattice core materials in
hood design. The relatively complete methodology on how to efficiently
simulate complex sandwich structures would benefit future car-body
lightweight design.
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