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Abstract

This study introduces a novel sandwich structure absorber for car bumpers, utilizing thin layers of aluminium foam. This
absorber improves energy absorption and impact resistance. This research compares the novel absorber to a conventional
polymer-integrated model, by examining impact force, von-Mises stress, equivalent plastic strain, energy absorption, and
coefficient of restitution. Utilizing the finite element method, the effects of shell density and thickness are analysed under
E.C.E-R042 low-velocity impact standards. Sandwich absorbers exhibit lower stresses and plastic strains in the core. In
addition, they demonstrate smaller impact forces and enhanced energy absorption within a specific range of shell densities.
Furthermore, the absorber’s flexibility strongly influences contact time. The core of sandwich absorber models accounts for
between 70 and 90% of energy absorption, indicating slightly lower energy absorption than polymer foams. The simulation
results are analysed using analysis of variance to investigate the combined effect of the density and thickness of the sandwich
absorber shell on the efficiency of the sandwich absorber. The optimal values of density and thickness are determined using
grey relation analysis to be 150 kg/m® and 25 mm, respectively.

Keywords Sandwich structure - Finite element modeling - Low velocity impact - Car bumper absorber - Aluminum foam -
Taguchi method - Analysis of variance

1 Introduction However, some bumpers may not be designed appropriately

to prevent damage to various parts of the vehicle during

The automotive industry conducts extensive research to
enhance the quality, design, and use of premium materials.
The car bumper system is a vital component that plays a
significant role in reducing the risk of damage to the car and
passengers during collisions. Material selection and design
are critical factors, with cost and weight being the most sig-
nificant considerations for creating a crash-worthy and cost-
effective bumper [1, 2]. In recent years, the increase in road
accidents could be attributed to various factors, including
non-standard road construction and driver inattentiveness
during parking, as the number of vehicles on the road con-
tinues to rise [3]. Low-speed collisions are a significant con-
cern during heavy traffic or parking due to slow movement.
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these collisions or absorb the collision’s energy effectively
enough to prevent vehicle damage [4]. The absorber in the
bumper system plays a crucial role in absorbing energy dur-
ing collisions and are typically made of compressed polymer
foams [5, 6].

Metal foams are composed of interconnected networks
and categorize into closed and open cells. Closed cells offer
significant potential in various industries, including automo-
biles and aerospace. Aluminum, steel, nickel, copper, zinc,
titanium, and magnesium could be used as base materials
for metal foams. Aluminum is the most commonly used
metal due to its lightweight, toughness, corrosion resistance,
and low melting point. Metal foams have unique proper-
ties, including high resistance, low density, and acoustic
and thermal insulation. Pure metals and their alloys are not
the only options for selecting base materials for the foams
[7, 8]. Deshpande and Fleck [9] undertook a pioneering
investigation into the strength of aluminum alloy foams,
specifically Alporas and Duocel. Their exploration of the
yield surface revealed the material’s strength under various
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compressive stresses. Going beyond aligning experiments
with predictions, their research introduced a simplified
model, providing valuable insights into foam behavior and
laying a solid foundation for understanding stress responses
in alloy foams. Deshpande and Fleck [10] studied the cores
of sandwich beams and found that both pyramidal and tetra-
hedral cores showed the same normal stiffness and the same
shear properties under the same conditions. It could be said
that the degree of anisotropy in shear strength was higher
in the pyramidal core. Davoodi et al. [11, 12] found that
using epoxy composite cushions with reinforced fibers were
more effective than foam absorbers for reducing pedestrian
injuries in car accidents. Another study compared 8 bumper
beam cross-sections and determined the most appropriate
one using low-speed impact tests in Abaqus software. Bey-
ene et al. [13] developed a high-performance bumper that
utilized glass mat thermoplastic (GMT) composites and an
innovative pattern to outperform steel bumpers in strength
and functionality. To evaluate the bumper’s effectiveness,
they conducted simulations of its performance in Abaqus
software and compared its energy absorption, impact force,
and damage incurred. Xiao et al. [14] evaluated foam-filled
bumpers and found that functionally graded foam (FGF) and
urea—formaldehyde (UF) foam improved energy absorption,
with FGF foam performing better than UF foam. Diaz-Alva-
rez et al. [15] studied bumper beams made of biocomposites
and found that fiber type played a key role in controlling the
maximum collision force. Archakam and Muthuswamy [16]
focused on enhancing vehicle safety by designing an inte-
grated collision energy absorption system with a magneto-
rheological absorber (MRA). They tested 6 models to evalu-
ate their safety and found that 3 with MRA outperformed
the one without MRA. Wang et al. [17] conducted a com-
prehensive analysis of closed-cell aluminum foams using
both uniaxial and biaxial tests at elevated temperatures.
Their findings revealed linear associations between drop
stress/initial failure strength and temperature. The research
introduced a rate-dependent constitutive model, establishing
connections among compressive strength, strain rate, and
densification strain. The proposed crushable foam model,
incorporating yield ratio input, aligned well with experi-
mental results, offering valuable insights into the mechanical
behavior of metal foams in challenging conditions. Exam-
ining the crashworthiness of Aluminum foam-filled open-
hole tubes (AFOTS), Hou et al. [18] optimized the bumper
beam design using fiber metal laminates (FML) and a cor-
rugated sandwich structure, resulting in improved perfor-
mance under low-speed impact. Lopez et al. [19] identified
structural vulnerabilities in passenger vehicles during frontal
collisions through experimental and numerical results. Their
noteworthy achievement underscored the urgency for inno-
vative design interventions to rectify these issues, aiming
to align with the E.C.E-R029 safety standard and enhance
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driver safety in frontal accidents. Liu et al. [20] successfully
enhanced the mechanical properties of Aluminum foam (AF)
by introducing a combined approach of melt foaming and
infiltration casting, leading to improved energy absorption,
specific energy absorption, and specific resistance in bicon-
tinuous interpenetrating porous composites (BIPCs). Skeens
and Kyriakides [21] conducted experiments on a polymer
closed-cell foam (relative density 0.077) subjected to axial
and external pressure. Their findings revealed a clear stress-
displacement response, demonstrating linear decreases in
initial stresses and plateau with rising external pressure.

Previous research investigated the behavior of aluminum
foam and its effects on various structures using experi-
ments and finite element simulations. Markaki and Klein
[22] examined the cell wall structure of metal foams and its
impact on foam mechanical properties. They tested foams
with different cell structures and similar densities under vari-
ous loadings to evaluate the foam’s change of state, yielding,
and crushing mechanisms. Zarei and Kruger [23] conducted
impact bending tests and numerical simulations on an alu-
minum beam with and without foam. The study found that
the foam-filled beam had higher bending strength than the
hollow one. Shen et al. [24] investigated the strain rate sen-
sitivity of Alporas foam and its behavior under compres-
sive loading at different rates. Their study provided valu-
able insights into the mechanics of foams and their energy
absorption capabilities, with implications for the design and
optimization of impact-resistant materials. Yang et al. [25]
explored the energy absorption capability of polymer foams
in bumper systems and found that repeated compressive
loadings significantly reduced their performance. Hassanli
and Paydar [26] analyzed the effect of structural design on
the mechanical properties and energy absorption capabil-
ity of powder metallurgy-produced aluminum foams with a
relative density range of 0.28-0.48. Gomes et al. [27] used
the nonlinear finite element method to analyze the impact
behavior of a sandwich structure with an agglomerated cork
core, providing insights into the design of impact-resistant
materials. Liu et al. [28] analyzed 14 test samples of sand-
wich panels featuring a stainless steel front shell, a steel
alloy back shell, and an aluminum foam core. The findings
indicated a noteworthy impact of the front shell, back shell,
and aluminum foam thickness on both bearing capacity and
energy absorption of the sandwich panels. Jalali et al. [29]
successfully employed machine learning models to precisely
estimate 4 crucial damage properties (longitudinal modu-
lus, tensile strength, compressive strength, in-plane shear
strength) of glass/epoxy sheets subjected to low-velocity
impacts, with the results aligning closely (within 4%—6%)
with experimental data.

The current study’s main objective is to enhance bumpers
performance by introducing a new model that incorporates
modifications in both the absorber material composition
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and geometric design. The authors developed an innova-
tive structure using thin shells of aluminum foam and com-
pared it to the primary model of the absorber that had a
polymer integrated structure. based on factors such as maxi-
mum impact force, maximum von Mises stress, maximum
equivalent plastic strain, absorbed energy, and coefficient of
restitution. To validate their approach, the authors conducted
3D-FEM simulation tests, providing insights into the devel-
opment and optimization of impact-resistant materials for
automotive applications.

After introduction, in Sect. 2, the article delves into intro-
ducing the theoretical basis of the research. This encom-
passes the relationships governing both the core problem
and the behavior of foams. Moving on to Sect. 3, it outlines
the simulation methodology applied to address the problem.
This includes an overview of the materials, boundary condi-
tions, contacts, and the specific cases simulated. Section 4
focuses on the validation of the problem. Section 5 provide
an in-depth analysis of the extracted results and in the last
Section, the obtained conclusions are generally stated.

2 Theory
2.1 Impact force and energy absorption

There is a certain amount of deformation during a collision
depending upon the rate of change of the relative velocity
normal component, which is due to the impact force. When
2 objects come into contact with each other, a contact area
forms between them, which is very small in size compared
to the rest of the body and therefore, it is shown by con-
tact point C (Fig. 1). The resulting impact force between 2
objects B and B/ were formulated by Newton’s second law
as shown in Eq. (1) where § is the relative displacement
between 2 bodies (Eq. (2)) caused by the impact force Fimp
[30].

Fig.1 The schematic view of objects B and B/ colliding with each
other [30]
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As a result of applying a load to an object, strains are cre-
ated inside the object, which increase the level of energy inside
it. The amount of energy absorbed by an object is calculated
from Eq. (3),

E=/ Fds,
0

where E, s and F' are the absorbed energy, deformation
and force, respectively. By dividing the amount of energy
absorbed by an object by its mass M, the specific absorbed
energy for an object is obtained by Eq. (4) [24, 27, 28].

3

E=L.

= 4)

2.2 Foam modeling

Foams could be modelled in a variety of ways. In this research,
the crushable foam model with isotropic hardening is used.
Considering the plastic behavior of foams, in the crushable
foam model with isotropic hardening, the yield function is
represented by an ellipse in the stress plane for the crushable
foam model with isotropic hardening (Fig. 2) [9, 22, 27, 31].

In Eq. (5), the yield surface with isotropic hardening is
expressed,

F=1\q+a*p?-B>=0, 5)
1
p= —gtracea, 6)
uniaxial compression
L
flow potential
A Ul D ... Current yield surface
™\ initial yield
S
—P° —P§ a,/3 N

Fig.2 Schematic of yield surface and flow potential in the p-q stress
plane for crushable foam with isotropic hardening [32]
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Fig.3 Schematic of the (a)

designed bumper system before

and after simplification, as

shown in a and b, respectively.

Part a shows the main compo- Fascia
nents of the bumper system

q=\/%S:S;S=0'+pI, @)

B=aP, @®)
3K
*= oK ©))
O_L‘
0
K=pe (10)

where F, p and g are yield surface, mean compressive stress
(Eq. (6) and von Mises stress, respectively. 6 is the stress
tensor and S is the deviatoric stress tensor, (Eq. (7)). Also, B
specified the size of the g-axis of the yield surface (Eq. (8)).
P, is the yield strength under the hydrostatic pressure condi-
tion and o, shows the absolute value of yield strength under
the uniaxial compression condition. The shape factor, a,
affects the elongation of the ellipse yield surface or p-axis
(Eq. 9)). In Eq. (10), K is called the stress ratio, which is
obtained by dividing o by P being the initial yield stresses
under uniaxial compression and under hydrostatic pressure,
respectively. Also K must be in the range 0 < K < 3 [27,
31, 32].

Flow potential in the isotropic hardening model, G, is
expressed in Eq. (11),

G =g + pp2, (11

12)
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1 Front view of
------------- = the fascia

(b)

Absorber

Bumper beam

Spacer  pemmmemm————————— <

Front view of the
simplified fascia

Table 1 Thickness and material of different components of the front
bumper system

Bumper system compo- Material Thickness (mm)
nent

Fascia HDPE 3.10

Absorber EPP foam 100

Bumper beam Al12024-T3 2.45

Spacer Al2024-T3 1

Table 2 Material properties of HDPE and A12024-T3

Material Modulus of ~ Poisson’s Density (kg/  Yield
elasticity ratio m?) strength
(GPa) (MPa)

HDPE [40]  1.18 0.46 950 25.40

Al2024-T3 70 0.30 2770 391

[41]
3-K*
b, = ==, (13)

where parameter f shows the shape of the flow potential,
which is oval in the stress plane (Eq. (12)). 0, is called plas-
tic Poisson’s ratio expressed as the ratio of plastic strains in
transverse and longitudinal directions under uniaxial com-
pressive loading and its value is in the interval (—1,0.5).
For most foams with low density, v, is close to zero and
p =~ 2.12. Equation (13) expresses the relation of plastic
Poisson’s ratio to the stress ratio [32].

It is possible to determine the modulus of elasticity of
foams using 2 methods [33]:

In the first method, by assuming that v, ~ 0, by obtain-
ing the slope of the line of the elastic part of the foam
stress—strain diagram, its modulus of elasticity, E;, could
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be obtained. In the second method Eq. (14) is specific to
the modulus of elasticity of the metal foams.

E; = AE,p", (14)
R
p==1-r (15)

The parameter A in Eq. (14) is obtained from the uniaxial
pressure test on metal foams, which indicates the plastic
behavior of the metal foam. E, and p are the modulus of
elasticity of the base metal and the relative density of the
foam, respectively. The relative density was calculated by
dividing the density of the foam (p;) by the density of the

Fig.4 a Three views of the
impactor [38] and, b a 3D
scheme of the impactor

(2)

915
Reference line

5°
76

610

Unit: mm

base metal (p,) and it also related to the foam porosity, p,.,
as in Eq. (15) [33].

2.3 Grey relational analysis (GRA)

This study employs the gray relational analysis (GRA)
method to investigate the effects of several parameters on
the output response. GRA determines the optimal value for
each parameter by converting them into variables, followed
by simulation or testing, and then extracting the relevant
parameters. This approach not only identifies the optimal
value for each parameter but also examines the interactions
between them, providing a comprehensive understanding
of their combined impact on the output response. By using

(b)

PlaneA

Impact contour J

Table 3 Material properties of an absorber bumper system with a sandwich structure

Material Modulus of elas-  Poisson’s ratio Plastic Pois-  Density (kg/m?) Stress ratio Yield
ticity (MPa) son’s ratio strength
(MPa)
EPP foam [42] 5.132 0 0 70 1.732 0.25
Low density Aluminumfoam [43] 300 0.3 0.05 150 1.558 0.93
High density Aluminumfoam [43] 1500 0.3 0.05 300 1.558 441

Table 4 Listing the abbreviated names and descriptions of the models examined in this study

Abbreviated name Complementary definition

Simple
SanX-Y
HybridX

Absorber with a simple structure without a shell
Absorber with a sandwich structure, the thickness and density of the shell are X mm and Y kg/m?>, respectively
Absorber with a sandwich structure—shell thickness X mm—in this research, half of the shell thickness has a

density of 150 and the other half has a density of 300 kg/m®

@ Springer
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GRA, we can optimize decision-making in complex systems
where multiple factors influence the outcomes [34].

This method was first introduced and developed in
research [35]. The first step in using the GRA method
involves normalizing the data between 0 and 1 to create a
gray relationship. Then Eqgs. (16) and (17) are used to deter-
mine the optimal value for each parameter based on whether
a larger or smaller value is more desirable, respectively. This
approach makes it possible to determine an optimal value
for each parameter while also considering the interactions
between them [34].

xj=———1—ii=12...a=12...b (16
max;y;; — min;y;
max;y; — V;i
xij—#'izl,l...,ajzl,2,...,b a7)

- . bl
max;y; — miny;

where a and b represent the number of simulations or experi-
ments performed and the number of effective parameters in
each simulation or experiment, respectively. x; is the value
after generating the gray relation, and y; is the original alter-
native in the i th simulation for the j th parameter. x; is the
most ideal normalized option among all simulations for the
J th parameter. In the next step, to show how close x; is to
Xo;» the gray relational coefficient (GRC) is used, which is
expressed in Eq. (18). A larger GRC indicates a value closer
to x; [36].

Fig.5 Model geometry, con-
straints and boundary condi-
tions for simulation

Z-direction free
connecting the
fascia to the car

Reference point-1 (RP-1)
z-direction free
initial z-velocity
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Ao = = %3 (19)

The distinguishing coefficient { is usually assigned a value
of 0.5 in calculations [34]. A,,;, and A, ,, represent, respec-
tively, the minimum and maximum values of A, among all
simulations for the j th parameter. A higher GRC means the
parameter’s greater proximity to the optimal value. GRG is
calculated using Eq. (20) after determining the GRC.

b
(20)

In Eq. (20), Zle w; = 1, where w; is the weighting factor
for the j th parameter. By converting multiple GRCs into a
single gray relational grade (GRG) for each simulation, it
can be determined that a higher GRG corresponds to closer
proximity to the optimal state [37].

Reference point-2 (RP-2)
X&Z directions free
Assigning the mass of the car

Tie
constraint

Coupling the
bumper to RP-2

Tie constraint

Rigid impactor
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(a)
Core

Front shell

150 kg/m"3

300 kg/'m"3

(b)

Impactor
11mm

Top view

300 kg/m"3

150 kg/m"3

In collision
..... direction, mesh
size changes

)
—

Fascia impact zone

4-node
element

1.14-5.71 mm

Fig.6 The components of the bumper system and a simplified impactor: a showing a sandwich absorber structure with a shell thickness of
15 mm and a density of 225 kg/m’; b the model mesh used in the simulation

3 Simulation procedure
3.1 Geometry description and material

Due to the complexity of the bumper system’s geometry, in
the present work, each component is designed separately in
SOLID WORKS and imported to ABAQUS CAE for simu-
lation. To improve the mesh accuracy and reduce compu-
tational complexity, non-essential parts such as the sharp
corners and lights are removed, and minor simplifications
are made in other areas. Figure 3 illustrates the bumper sys-
tem and its components before and after the simplification
process. The elastoplastic model is used to define the materi-
als and behavior of the fascia, bumper beam, and separators,

while the crushable foam model is used to define the absorb-
er’s behavior. Originally made of expanded polypropylene
(EPP) foam, this absorber is a monolithic polymer structure
absorber found in most car bumpers. Table 1 presents the
thickness of each component of the bumper system. The
fascia is manufactured using high-density polyethylene
(HDPE), while the bumper beam and spacer are made from
aluminum alloy 2024-T3. The material properties of HDPE
and Al12024-T3 are presented in Table 2.

For the purpose of preventing small impacts from
causing significant damage to the vehicle, this research
applies E.C.E Regulation No. 42 [38], which approves pro-
tective equipment and parts located on the front and rear
parts of motor vehicles for low-speed collisions. Figure 4

@ Springer
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(a) (b) ©)

Fig.7 Two-dimensional contour of speed of the impactor and the
bumper system with sandwich structure, shell of thickness 15 mm,
and density 150 kg/m>; a at the beginning of the collision (t=0s), b

illustrates 3 views and 3D model of the impactor used in
this study.

This study presents a comprehensive examination of a
novel absorber design, which features a sandwich structure
with a thin aluminum foam (Close cell) serving as the outer
shells and the primary absorber (EPP foam) acting as the
inner core, as illustrates in Fig. 6a. To investigate the effects
of thickness and density parameters on the impact properties
of the shell, thicknesses of 15, 20 and 25 mm and densi-
ties of 150 and 300 kg/m® are considered for the shell. The
base metal of the foam has a density of p,=2643.22 kg/m°.
Table 3 presents the properties of both aluminum foams and
EPP foam.

This research investigates a unique case where the
absorber is designed with a sandwich structure. Specifically,
half of the absorber shell is constructed from an aluminum
foam of density 150 kg/m®, while the other half is made
of foam of density 300 kg/m>. The unique structure of this
absorber is thoroughly examined and compared to other
absorber models. This study model of a sandwich absorber
with a shell density of 225 kg/m? is shown in Fig. 6a. Table 4
provides a concise summary of the different absorber models
investigated.

3.2 Mesh, boundary conditions and interactions
The bumper system’s main components are modeled as 3D
deformable elements. The impactor is modelled as a shell

in SOLID WORKS, and a rigid constraint is applied to it in
ABAQUS, since the impactor is non-deformable. Following

@ Springer

(d)

V. (ms)

L1
1.018
0926
0.833

0.741
0.648
0.533
0463
0370
0.278
0.185
0.093
0.000

compression phase (t=0.034 s), ¢ restitution phase (t=0.059 s) and d
separation moment of impactor and bumper (t=0.078 s)

the E.C.E-R042 standard, partitioning is performed based on
the components position relative to the impact zone such that
the element size is reduced in areas near the contact zone
to improve the computational efficiency. A mesh study is
conducted and is presented in Appendix A to determine the
appropriate element size. The bumper system components
are modeled using 3D hexahedral elements with reduced
integration (8 nodes), while the impactor is modeled with
quadrilateral elements (4 nodes).

Vehicles must be stationary and unrestrained for crash
simulations according to E.C.E-R042. The rigid impactor
used in the simulation has a mass equivalent to that of an
unmanned vehicle. At the beginning of the test, the impactor
collides the stationary vehicle along the normal direction
at a speed of 4 km/h [38]. After modeling the car bumper,
the car mass of 1300 kg is assigned to a reference point-2
coupled to the bumper system. The separators and bumper
beams are permanently connected through tie constraints. It
is ensured that the constraint between the absorber shells and
the core is defined to form an absorber sandwich structure so
as not to be separated from each other (Fig. 5). A dynamic/
Explicit solver for the analysis where the simulation dura-
tion for this complete collision test from making to ceasing
contactis 0.13 s.

For all interactions between contacting surfaces includ-
ing the bumper system components and impactor and fascia,
explicit surface-to-surface contact is used. A “hard” contact
model is employed in the normal direction, while a penalty
with a coefficient of friction (COF) of 0.3 is used for tangential
directions. In hard contact, when 2 objects touch each other,
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Fig.8 Impact force changes (a)
during a collision for a simple %
absorber and a sandwich struc- 4 km/h s 25.2 km/h
ture with different shell thick- 35
nesses. The shell thicknesses o 30 Simple Z 70
considered are tsc=0.15, 0.20, = 25 S EaniSis ? 60 simple
and 0.25, displayed in parts a, 220 £°° CaniE9ES
b, and ¢, respectively S 5 fvbriars g 40
2 0 San15-300 =3 'g B T Fybridis
E E k- anl1s-
.S 5 Fitted curve (Hybrid) 20 '| Sants300
10 '.| Fitted curve (Hybrid)
0 . VA r o & (ki g st e e it
0 002 004 006 008 01 0.12 0 002 004 006 008 01 012
Time (s) Time (s)
(b)
4 km/h
35
=30 \for Simple
% 25 F — . =5an20-150 S
E 20 T 5an20-150
=15 & W gL, F W B . i
2 — —5an20300 Hybrid20
210 — — San20-300
= sEg W Fitted curve (5an20-300)
--------- Fitted curve (San20-300)
0
0 002 004 006 008 01 0.12 0 002 004 006 0.08 0.1 0.12
Time (s) Time (s)
(©
4 km/h %0 25.2 km/h
. 80
~70
g 30 Simple & 60
'f’ 25 -+ = 5an25-150 § 50 Simple
8 S — e 5an25-15(
§ 20 ! — - - Hybrid25 = 40 sanzets0
= 15 g 30 — = = Hybrid25
2 10 T E 20 San25-300
E EXar 0 Laafpemes Fitted curve (San25-150)
10 +48% M e Fitted curve (San25-150)
0 0 = o
0 002 004 006 008 01 0.12 0 0.04 006 0.8 0.1 0.12
Time (s) Time (s)
Table 5 Equations of the . .
Polynomial function = at* 3 2
fitted curves on the collision Y Fimp = al' + b+ e+ dt +e
force—time data along with the Model a b c d e Coef. of
coefficient of determination determination
(4 km/h) (R?)
Simple 6e+9 —le+9 de+7 675,123 —2567.60 0.98
San15-150 6e+9 —le+9 de+7 520,599 —1489.60 0.95
Hybridl5 2e+10 —3e+9 9e+7 273,662 —717.66 0.96
San15-300 8e+9 —le+9 3e+7 1,000,000 —2867.90 0.97
San20-150 8e+8 8e+6 —3e+7 2,000,000 —5442.90 0.83
Hybrid20 6e+9 —le+9 3e+7 830,721 —1990.80 0.94
San20-300 3e+9 —3e+8 —3e+7 2,000,000 —6559.40 0.92
San25-150 3e+9 —4e+8 —2e+7 2,000,000 —5079.20 0.93
Hybrid25 4e+9 —5e+8 —le+7 2,000,000 —6064.70 0.95
San25-300 2e+9 —6e+7 —4e+7 3,000,000 —7752.90 0.93
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Fig.9 Effects of the density and

® tsc=0.15,4km/h
tsc=0.15,25.2km/h  @®1tsc=0.20,25.2km/h

% tsc=0.20,4km/h A t5¢=0.25,4km/h

tsc=0.25,25.2km/h

™ ¢

23 Tttt

0.07 0.08 0.09 0.1 0.11 0.12 0.13

Nondimensional face-sheet density, p;/p,

thickness of the absorber shell E
with a sandwich structure on the 93 -
maximum impact force 2 ]
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D -
2 ]
e 73 T [ ]
- ]
- ]
s 63 -+
= ]
E 534
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% 43 T
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33 +
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pressure is created between the 2 objects and increases as they
penetrate into each other. Thus, when the pressure becomes
zero, the surfaces separate from each other (Fig. 6).

4 Results and discussion

The bumper system is at rest while the impactor moves
towards it at a constant speed of 4 km/h in accordance with
established standards (Fig. 7a). Upon collision, the bumper
enters the compression phase, which occurs within the time
interval (0 <t <t,). During this phase, all parts of the bumper
are compressed, and part of the collision energy is absorbed

@ Springer

0.047 0.052

Contact time (s)

by the absorber and the bumper beam (Fig. 7b). The maximum
compression between the bumper and the impactor occurs at t..
Then, in the restitution phase (0 <t <ty), the unloading process
starts and continues till separation at t;, where contact between
the bumper and impactor ceases (Fig. 7c, d).

Equation (10) defines a dimensionless parameter as the
ratio of the shell thickness to the absorber core thickness.

t
tsc = 21150 > 0. Q21

core
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4.1 Effects of the thickness and density
of the absorber shell on the impact force
and contact time

The impact force variations are initially examined for the
case where the bumper system is combined with a simple
absorber, followed by different independent variables such
as density and thickness of the absorber shell. As illustrated
in Fig. 8, the collision enters the compression phase imme-
diately after impact, with the impact force rapidly increas-
ing from zero to several kilo Newtons. Once the maximum

Fig. 11 The 3D contour of von
Mises stress for the absorber
core with a thickness of 25 mm
(tsc=0.25) at t, including 4
different models. a, e the basic
model without a sandwich
structure (Simple), b, f the
absorber core with a shell
density of 150 kg/m?, ¢, g the
absorber core with a hybrid
structure, and d the absorber
core with a shell density of
300 kg/m®

(a)

simple absorber

Contact zone in the

impact force is reached, the collision transitions into the
restitution phase, which starts from the peak compression
point. It is a widely observed phenomenon that force—time
diagrams of collisions exhibit significant force changes in a
very brief period, which is one of the primary characteristics
of the diagram.

The behavior of collision force data points over time can
be approximated using different mathematical functions.
In this study, a fourth-degree polynomial is employed to
describe the changes in impact force with time, with com-
plementary details provided in Table 5.

(b)

contact zone in the
sandwich absorber
core S, Mises (Mpa)
(Avg: 75%)

os2
0.80
! 078
062

S, Mises(Mpa)
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Fig. 12 The 3D contour of
equivalent plastic strain for the
absorber core with a thickness
of 25 mm (tsc =0.25) at separa-
tion; a, e basic model without
sandwich structure (Simple), b,
f absorber core (shell den-

sity equal to 150 kg/m?), ¢, g
absorber core (Hybrid) and d, h
absorber core (the density of the
shell is equal to 300 kg/m®)

(,

(©

(2)

The maximum force applied to the simple absorber is
30.1 kN. The results are analyzed and compared with new
test conditions. Figure 9 shows a 16% reduction in the
maximum impact force for a 15 mm thick shell absorber,
compared to the simple absorber. Hybrid15 has a maximum
impact force of 30.3 kN, which is not s different from the
simple absorber. A 15 mm thick shell of density 300 kg/
m? results in a 5% increase in the maximum impact force,
being 31.6 kN. Similar analyses are conducted for 2 other
thicknesses. In general, based on the findings illustrated in
Fig. 9, it can be inferred that the maximum impact force for
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shells of same thickness rises as the shell density increases.
Furthermore, maintaining the density constant, by increasing
the shell thickness, the maximum impact force increases.
However, the growth rate of the impact force by shell thick-
ness is slower than that experienced for the density increase.

In general, it can be evaluated as follows that a com-
parative analysis is conducted between the maximum
impact forces obtained with simple and sandwich absorb-
ers. In the case of a 15 mm shell thickness and a density
150 (San 15-150), the maximum impact force exhibits a
significant 16% decrease compared to the simple absorber
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Table 6 Improvement percentages of the absorber core compared to V2 MdV
the simple absorber based on von Mises yielding criterion and equiv- Loont = —_—, (22)
alent plastic strain viF, imp(v)
Model Improvement based on von Improvement based

Mises yielding criterion on equivalent plastic Leont = Leomp T Lrest (23)

(%) strain (%)

2 ah 252 keo/h 2 ko/h 252 knvh It is noteworthy that tl.nckness and density of the absorber

shells are factors affecting the absorber mass. Due to the

San15-150 159 52 28.2 27.2 presence of aluminum foam shells, the absorber mass is
Hybrid15 38.2 17.1 317 33.6 larger in all cases compared to the simple case. Thus, the
San15-300 43.3 19.5 38.7 45.7 absorber mass can be introduced as one of the effective fac-
San20-150 31.6 11.4 31.9 35.9 tors in determining the contact time. However, note that the
Hybrid20 44.0 19.1 34.7 475 shell mass is negligible in comparison to that of the car. The
San20-300 472 222 40.4 545 study finds that variations in effective mass do not signifi-
San25-150 37.7 13.9 49.6 42.5 cantly affect the contact time, but such change can influence
Hybrid25 46.3 21.8 57.1 543 the maximum impact force.
San25-300 45.5 231 62.5 61.1 Figure 10 shows that changes in the thickness and density

The Maximum values are underlined

configuration. Furthermore, as the shell density increases,
the impact force also intensifies. However, for a 25 mm
thickness and a density of 300 (San 25-300), the maximum
impact force experiences a slight 5% increase compared to
the simple case. These findings underscore the presence of a
density threshold for the absorber sandwich shell, indicating
the importance of selecting an optimal range based on the
core’s density and thickness.

To ensure accuracy, the simulations are repeated with
the impact velocity of 25.2 km/h. The maximum impact
force recorded at this speed is 75.2 kN. As shown in Fig. 9,
the trend of the maximum impact force for different states
of the sandwich absorber at this speed is similar to that
at 4 km/h. Overall, the results in Fig. 9 indicate that at
both speeds, the maximum collision force increases as the
density increases while keep the shell thickness constant.
Additionally, at a constant density, the maximum impact
force shows a consistent upward trend by increasing thick-
ness. However, the increase rate by increasing thickness is
lower than that corresponding to the density.

By analyzing the contact time between the colliding
objects in the impact force—time curve (Fig. 8), it is appar-
ent that there is a slight temporal difference between the
compression and restitution phases. Both phases duration
can be derived from the total collision time (Eq. (22)). As
expected, the contact time is directly proportional to the
objects’ mass and changes in velocity during the collision,
while inversely related to the collision force in the normal
direction due to the law of conservation of momentum

(Eq. (22)).

of the sandwich absorber shell affect the contact time. Fur-
thermore, it can be observed that the contact time increases
as the impact force decreases.

Through the incorporation of aluminum foam shells
and modifications to the absorber structure, the mass of
the system increases, resulting in alterations to the normal
compliance within the contact area between the absorber
and other bumper components. Consequently, these
changes influence the maximum impact force experienced
during collisions. The absorber mass, as well as the over-
all mass of the bumper system, plays a role in determin-
ing the contact time, following the law of conservation of
momentum. However, a noticeable trend emerges during
the study, indicating that the maximum impact force has
a more significant impact compared to other parameters.
This is evidenced by the increasing contact time alongside
the decrease in maximum impact force, despite a slight
increase in absorber mass.

By comparing the contact times at the 2 different speeds,
it is evident that an increase in collision speed results in a
decrease in contact time. At speed of 25.2 km/h, in all con-
ditions, the contact time is consistently shorter than that at
speed of 4 km/h.

4.2 Analysis of maximum von Mises stress
and equivalent plastic strain for absorbers
with different shell thickness and density

It is crucial to study the performance and durability of a
bumper system with a modified absorber. To achieve this
goal, simulations are conducted on the bumper system, and
its performance is studied at t, which represents the larg-
est compression. The von Mises stress contour is consid-
ered for this purpose. Equivalent plastic strain (PEEQ) is a
scalar positive quantity. It indicates the degree of plasticity
of a structure at all its points. An analysis of the PEEQ at
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Fig. 13 Comparing the energy-time diagrams of the simple model with those of the sandwich cases with a tsc=0.15, b £s¢c=0.20 and ¢

tsc=0.25

the point of separation is conducted to determine the areas
that experience plastic deformation. The absorber core was
used as a sample to enable a logical comparison between
all cases.

Figures 11 and 12 show that the von Mises stress and the
equivalent plastic strain of the absorber decrease proportion-
ally with the absorber shell density and that the sandwich
absorber outperforms the simple absorber. The superior
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mechanical properties of aluminum foam contribute to
the enhanced performance of the sandwich absorbers. The
maximum equivalent plastic strain for the simple absorber
under collision velocities 4 and 25.2 km/h are 0.389 and
3.10, respectively, which are higher than that of the sand-
wich models, while the maximum von Mises stress are 0.82
and 2 MPa, respectively, which are also higher than that of
the sandwich absorber core. These results demonstrate that
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Nondimensional face-sheet density, p; /p,
the sandwich absorber core is more durable and can with- plastic strain, various models, as illustrated in Fig. 11, show-

stand deformation better than the simple absorber model.  case the von Mises stress contour for both a simple absorber
In this section, apart from the comprehensive analysis of  and a sandwich absorber core with a 25 mm thickness at
the maximum von Mises stress and maximum equivalent  different densities during the peak compression time (t).
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Additionally, Fig. 12 provides the contour of equivalent plas-
tic strain at the same thickness for the sandwich absorber
during the separation event.

Table 6 presents the percentage reduction in both max-
imum von Mises stress and maximum equivalent plastic
strain within the cores of the sandwich absorber in com-
parison to the simple absorber. Notably, at a thickness of
15 mm, an increase in shell density resultes in a reduction
of maximum von Mises stress compared to the simple
case, a consistent trend for higher thicknesses (20 and
25 mm). This reduction pattern continues as shell density
ranges from 150 kg/m? to 300 kg/m?, with the percentage
difference amplifying.

An interesting observation is the peak difference in
maximum equivalent plastic strain occurring at a thick-
ness of 25 mm and a density of 300 kg/m? (San 250-300)
at 62.5%. Conversely, the maximum reduction in von
Mises stress compared to the simple absorber is noted
at a thickness of 20 mm and a density of 300 kg/m> (San
20-300) with a 47.2% decrease. However, at a density of
300 kg/m3 and a thickness of 25 mm, this reduction is
45.5%, not significantly divergent from San 25-300. This
consistent pattern was observed for both the von Mises
yield criterion and the equivalent plastic strain.

The maximum von Mises stress in 4 km/h experienced
by the core during maximum compression is observed to
decrease within a range (15.9%-47.2%) in all cases, com-
pared to the simple absorber configuration. Additionally,

Table 7 Parameters and related

(2024) 46:591
Table 9 Grey relational generation
Simula- Grey relational
tion
Fx (kN) Max. von Max. Energy COR
Mises equivalent (J)
(Mpa) plastic
strain

1 1 0 0 1 0
2 0.336054 0.750 0.166667 0.841610 0.116279
3 0.153741 0.875 0.333333  0.630427 0.279070
4 0.846259 0.5625 0.166667 0.780808 0.232558
5 0.268027 0.9375 0.333333  0.612848 0.383721
6 0.115646 1 0.50 0.387208 0.627907
7 0.651701 0.750 0.666667 0.638447 0.453488
8 0.265306 0.9375 0.833333 0.513586 0.593023
9 0 0.9375 1 0 1

the maximum equivalent plastic strain in the absorber
core during the separation phase exhibits a reduction
between (28.2%, 62.5%) across all cases. These reduc-
tions are consistent with the increase in absorber shell
density while maintaining the same thickness. Notably,
it is observed that higher densities in the absorber shell
result in decreased maximum von Mises stress and maxi-
mum equivalent plastic strain within the absorber core.

4.3 Effects of shell thickness and density on energy
absorption

lovel Parameter Level (unit) This section includes an analysis of the energy absorption
evers i of the bumper system’s absorber. Sandwich absorber mod-
Thickness 15 (mm) els, except for the San25-300 model, exhibit higher energy
20 (mm) absorption compared to the simple absorber model, as
' 25 (mm) R shown in Fig. 13. For example, the sandwich model with a
Density 150 (kg/m%) shell thickness of 15 mm and a density of 150 kg/m? absorbs
225 (kg/m”) . h . b .
R up to 477.42 J, surpassing the maximum energy absorption
300 (kg/m) o the simple model being 404.6 J. Figure 14a provides a
Table 8 Taguchi orthogonal Simulation  Density (kg/m3) Thick- F..x (kN) Max. von Max. equiva- Energy J) COR
array (L9) ness Mises lent plastic
(mm) (Mpa) strain
1 150 15 25.42 0.71 0.30 477.42 0.47
2 150 20 30.30 0.59 0.29 463.32 0.48
3 150 25 31.64 0.57 0.28 444.52 0.49
4 225 15 26.55 0.62 0.29 45791 0.49
5 225 20 30.80 0.56 0.28 442.95 0.50
6 225 25 31.92 0.55 0.27 422.87 0.52
7 300 15 27.98 0.59 0.26 445.23 0.51
8 300 20 30.82 0.56 0.25 434.12 0.52
9 300 25 32.77 0.56 0.24 388.39 0.55
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Table 10 Grey relational

. . Simulation Grey relational coefficient
coefficient and Grey relational
grade Fo . &kN) Max. von Max. equivalent  Energy (J) COR Grey
Mises (Mpa)  plastic strain relational
grade

1 1 0.3333 0.3333 1 0.3333 0.60
2 0.4296 0.6667 0.3750 0.7594 0.3613 0.5184
3 0.3714 0.80 0.4286 0.5750 0.4095 0.5169
4 0.7648 0.5333 0.3750 0.6952 0.3945 0.5526
5 0.4059 0.8889 0.4286 0.5636 0.4479 0.5470
6 0.3612 1 0.50 0.4493 0.5733 0.5768
7 0.5894 0.6667 0.60 0.5803 0.4778 0.5828
8 0.4050 0.8889 0.750 0.5069 0.5513 0.6204
9 0.3333 0.8889 1 0.3333 1 0.7111

Table 11 Average gray relation grade (GRG) based on the parameter
levels

Level Density (kg/m3) Thickness (mm)
0.5451 (150) 0.5785 (15)
0.5293 (225) 0.5619 (20)

3 0.6381 (300) 0.6016 (25)

The maximum values are underlined

detailed analysis of the maximum energy absorption for
the considered models. Also, at the speed of 25.2 km/h, the
maximum absolute energy absorption by the simple absorber
is 6218 J, and the trend is similar to that of the speed of
4 km/h for different models. However, as could be predicted,
the absolute values of energy absorption are significantly
larger compared to the collision at the speed of 4 km/h.

Hassanli and Paydar [26] found that under uniaxial com-
pressive loading, energy absorption in aluminum foams
decreased as density increased. The same trend was observed
in this research when the shell thickness was constant, and
the density increased from 150 to 300 kg/m®.

Knowledge of partial energy absorbed by different com-
ponents of the sandwich absorber is important in designing
bumper absorbers. Figure 14b shows that, in all cases, the
core absorbs 70%—90% of the impact energy, while the front
and back shells absorb less.

In summary, it can be said, the investigation of energy
absorption in sandwich structure absorbers highlights an
overall improvement in energy absorption, with the excep-
tion of the San25-300 case when compared to the simple
absorber configuration. When the density is increased while
maintaining a constant thickness, there is a decrease in the
total energy absorption (E). This observation is evident in
the San25-300 case, where the energy absorption is lower
compared to the simple case. These findings emphasize the
importance of selecting an appropriate density range for the

absorber shell, as there exists a specific interval that opti-
mizes energy absorption performance.

In the absorber with a sandwich structure, comprising a
core and shell with varying densities and thicknesses, both
components contribute significantly to energy absorption in
a similar ratio. Roughly, 70%-90% of energy is absorbed
by the core, with the remaining portion attributed to the
shells. This suggests that metal foams, due to their mechani-
cal properties, exhibit lower energy absorption compared
to polymer foams. While the amount of energy absorption
in sandwich absorber cores is observed to be lower than in
the simple case, the overall energy absorption increases due
to the additional energy absorption provided by the shells.

Equation (24) states square of the coefficient of restitution
(COR), e, as the negative ratio of the elastic strain energy
released during restitution (E,) to the internal energy of
deformation absorbed during compression (E,.), [30].

2 E,
e =—E;O§e*§1. (24)

*
c

Figure 15 illustrates that the coefficient of restitution
remains within a short range, with deviations below 10%
from the COR of the simple absorber being 0.50. It can be
inferred that increasing the shell thickness leads to larger
CORs, considering the same density. Additionally, when
the velocity and thickness of the shell remain constant, an
increase in density results in a slight increase in the COR,
In other words, Modifications in shell density, thickness,
and absorber structure don’t exert a substantial influence
on the coefficient of restitution (COR) of the absorber, as
the observed changes remain below 10%. However, it is
worth noting that as the density of the shell increases, the
COR of the absorber demonstrates a gradual upward trend,
albeit with a mild slope.
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Fig. 16 1 The force—time curve
of 5 cases with different number
of elements considered in the
mesh study

Fig. 17 Studying the mesh
convergence examining maxi-
mum impact force (F,) and the
compression time (t,)

Table 12 Comparison of 5
cases with different number of
elements

4.4 Optimization

30 \« 234424
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28 (m} A
27 a A 0.0418
26 A 0.0417
25 0.0416
1.90E+05 3.40E+05 4.90E+05 6.40E+05 7.90E+05
Number of elements
Case Number of 8-node Number of 4-node F, (kN) diff. (%) t. (s) diff. (%)
elements elements
1 233,438 986 26.6 11.6 422e —4 09
2 395,786 1804 28.1 6.8 421e—4 0.7
3 499,152 2598 30.4 1.1 417e—4 0.2
4 580,212 3802 30.1 - 418e—4 -
5 773,352 7313 30.2 0.3 418e—4 ~0.1

As the result of mesh study, the number of elements corresponding to the bold row was considered in the
simulations

Mises stress, and equivalent plastic strain, while increas-
ing energy absorption and COR. The study focused on 2

A study was conducted to optimize several performance  controlling parameters: density and shell thickness, each
metrics of an absorber at 4 km/h collision speed. The  with 3 levels mentioned in Table 7. The Taguchi method
aims were to reduce the maximum impact force, von was employed to minimize the number of calculations
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by analyzing the simultaneous effects of the considered
parameters.

Finally, analysis of variance (ANOVA) was used to
assess the influence of these parameters on the perfor-
mance metrics. Table 8 presents the Taguchi orthogo-
nal array and the related results. The values of the con-
sidered parameters are normalized using Eqs. (16) and
(17). It is noteworthy that for impact force, von Mises
stress, and equivalent plastic strain, lower values and for
energy absorption and COR, upper values are preferable
(Table 9).

In the next step, using relations (18) and (19) with €
= 0.5 and xy=1, GRC:s for the parameters are calculated,
and GRGs are determined using relation (9) (Table 10).
Finally, the average GRGs is calculated based on param-
eter levels, as shown in Table 11.

From Table 11, it is found that a density of 300 kg/m?
and a thickness of 25 mm scored the highest, indicating
the most optimal combination among the examined cases.
However, since the maximum impact force exceeded the
that of the simple absorber at a density of 300 kg/m>, the
density of 150 kg/m? is selected as the optimal value.

5 Conclusion

In this study the 3D finite element method (FEM) is used
to investigate the behavior of car front bumper absorbers
with a sandwich structure containing aluminum foam dur-
ing low-speed collisions. The effects of thickness and den-
sity of the outer thin shells on the absorber’s performance
during impact tests is examined using a standard impactor.
This research assesses effectiveness of the new absorber of

Fig. 18 A conical tube filled

with foam (145 kg/m3): a com-

parison of the force—displace- 20
ment diagram obtained from the

current study and experimental

testing and FEM modeling [32]

15
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Table 13 Comparison of 3 examined modes for car bumper material
model

Model Energy absorb-  diff. (%) Initial diff. (%)
ing (J) (at 60 mm peak load
deformation) (kN)

Experimental 13.5 - 9.1 -

[32]
FEM model [32] 11.7 15.3 9.1 ~0
FEM model 12.3 9.7 8.6 5.8

densities 150, 225, and 300 kg/m3 and thicknesses 15, 20,
and 25 mm, while comparing with the primary model of
the absorber containing a polymer integrated structure. The
analysis includes factors such as the maximum impact force,
von Mises stress, equivalent plastic strain, and contact time,
absorbed energy, and the coefficient of restitution of the
absorber. The important results are summarized as follows:

1) Comparative analysis reveals that increasing density in
sandwich absorbers affect impact forces, with a 16%
decrease for San 15-150 and a 5% increase for San
25-300, emphasizing the importance of selecting opti-
mal density and thickness.

2) Maximum von-Mises stress and equivalent plastic
strain in the absorber core decrease within a range of
(15.9%—-47.2%) and (28.2%—62.5%), respectively, cor-
relating with increasing the absorber shell density while
maintaining its thickness.

3) Energy absorption in sandwich absorbers is gener-
ally improved, except for San25-300, emphasizing the
importance of selecting an appropriate density range for
optimal performance.

--------- FEM model [32] FEM model

45 60
Compression (mm)
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results of [39], b the reported 60. - isssaasees FEM model [43]
shape of the bumper in [39], < — -+ FEM model 7N,
and c the shape obtained from << 50 -, - S s———
the present simulation during é
the restitution phase = 40
£
E 30
D
=
g 20
<
10
(©)
0
0 001 002 003 004 0.05 0.06 0.07 0.08
Time (s)
Table 14 Comparison of 3 Model Initial peak  diff. (%)  Second peak  diff. (%)  End time (s)  diff. (%)
tested bumper models during load (kN) load (kN)
the crash test
Experimental [39] 39.3 - 523 - 0.08 -
FEM model [39] 50.3 21.8 58.8 11 0.07 14.3
FEM model 44 10.6 55.9 6.4 0.08 ~0

4) The sandwich absorber’s different components contrib-
ute significantly to energy absorption, mostly attributed
to the core (70%-90%). In the sandwich absorber struc-
ture, metal foams exhibit lower energy absorption than
polymer foams.

5) The shell density variations significantly influenced
maximum von Mises stress, maximum impact force, and
maximum equivalent plastic strain, whereas change in
the shell thickness did not yield significant effects. Inter-
estingly, alterations in both density and thickness did
not bring about a significant change in the coefficient of
restitution (below 10%).

6) By re-examining the collision at a higher speed (25.2
km/h), it is found that aside from the expected changes
in values, there is no observable change in the trend of
results compared to those related to the standard speed
(4 km/h). Analysis of variance is used to determine the
parameters’ optimal values for the absorber best perfor-
mance, resulting in the absorber shell density and thick-
ness of 150 kg/m> and 25 mm, respectively.

Appendix A

Mesh study

This study aims to determine the optimal number of ele-
ments for a bumper system with a simple absorber based

@ Springer

on the force variations during impact (Fig. 16), maximum
impact force, and compression time duration with differ-
ent mesh sizes at a speed of 4 km/h. Five simulations with
different numbers of mesh were performed.

Figure 17 shows that cases 4 and 5 converged to the
same values; hence, element size of case 4 should be cho-
sen for meshing. Table 12 presents results of the 5 simu-
lations meshed with 2 types of elements, 4- and 8- node
elements in the bumper system and impactor, respectively.
This table provides the maximum impact force (F.) and
the compression time (t,) for each model along with the
differences with simulation results of the reference case 4.

Appendix B

Validation of material models of bumper
components

The ability of an aluminum foam-filled conical tube in
absorbing energy was validated through an axial quasi-
static compression test [32]. The experiment was simu-
lated with an explicit quasi-static scheme, using the same
material properties, mesh size, and element type. A com-
pressive deformation of 60 mm at 10 mm/min was applied
to the fixed sample. The 97.5 mm long aluminum conical
tube thickness was 1 mm in the upper and 0.85 mm in the
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lower sections, with a diameter of 1.31 and 1.65 mm in
the upper and lower sections, respectively. The foam in the
aluminum shell had a density of 145 kg/m>. To validate the
FEM model of this problem, the numerical results in the
current research are compared with the results obtained in
[32]. In Fig. 18, the load—displacement diagram illustrates
the energy absorption in each model. Notably, the crush-
able foam and elastoplastic model demonstrates accu-
rate predictions for the behavior of foam and aluminum,
respectively. In Fig. 18, the comparison between the simu-
lation performed in this research and ref. [32] can be seen.
Additionally, Table 13 provides a detailed comparison of
the 3 models under investigation.

Appendix C

Validation of bumper modelling
during impact test

The bumper system model was validated using experimental
and numerical data from [39] after validating the material
models of the absorber and other parts. This study evaluates
the bumper system according to the IIHS standard and uses
aluminum 6063-T4 and 6063-T6 in its construction, with an
elastic modulus of 70 GPa, the density of 2700 kg/m>, and
Poisson’s ratio of 0.3. The bumper system model is meshed
with 3 mm elements.

Figure 19 illustrates the changes in the acceleration of
the car’s front bumper across 3 different models during the
collision with an obstacle. In Fig. 19 b and c, the bumper’s
shape is displayed during the restitution phase. A strong
agreement between the acceleration data of the results of
low-speed impact test and simulation in [39] and the results
of the simulation conducted in this study (Fig. 19). Notably,
Table 14 presents a comparison of the reviewed models.
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