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The impact attenuator is a safety vehicle system designed to absorb the kinetic energy from a collision that is converted into
deformation and ensures the deceleration level acting on the human body remains low. In this paper, we propose that the
impact attenuator be fabricated with used cans, which are easy to obtain. Compared to fabricating cylinders through
machining and other production processes using new material, the application of used cans may reduce production costs by
approximately IDR 500,000 (USD 34.50) for one attenuator structure, while the attenuator still meets the weight criterion, i.e.,
it has to be light to improve acceleration and fuel efficiency. As a type of metal waste product, food cans are often fabricated
from aluminum and other metal alloys. These products are widely used in our lives; if they are not recycled, they can
potentially pollute the environment as waste. Given these problems and considering the use of environmentally friendly
materials, lightweight used cans were chosen as materials for the proposed impact attenuator design. In the initial study, the
verification and validation tests of the impact attenuator shell and used cans show good agreement between the numerical and
experimental impact tests. The proposed impact attenuator design under the predetermined parameters showed that used cans
of aluminum 6063 series can be recommended as an alternative material in this system.

1. Introduction

Student Formula is an international competition organized
by the Formula Society of Automotive Engineers (FSAE),
which challenges each team of students to conceptualize,
design, and build a high-performance, small-model formula
car. In the manufacturing of this formula car, safety and
security factors are important, as they are regulated in detail
in the FSAE rules [1]. Interest in comprehensive research on
vehicle accident responses from various perspectives, includ-
ing modeling and experimental studies, has increased [2].
In the automotive field, the vehicle industry continues to
improve safety technologies and strategies, ranging from
passive to active forms, to enhance passenger safety [3].
The impact attenuator is an essential structural component
of a formula race car since it serves as a protective shield

between the driver and the surface subject to impact loads
[4]. The impact attenuator is designed to absorb the kinetic
energy when collision energy is converted into a deforma-
tion to protect the vital parts behind the bulkhead from
damage caused by shock loads. This attenuator is assembled
in the front bulkhead of the vehicle because the most inten-
sive load occurs in the front bulkhead position [5]. As
explained in the rules, each team must design an impact
attenuator with a wearable standard where the attenuator
must absorb at least 7350 J.

Some restrictions in the geometry of the impact attenua-
tor during the manufacturing stage are set in the FSAE rules,
such as a minimum length of 200mm and a height of at least
100mm, and a width of 200mm with a maximum distance
of 200mm to the front bulkhead. The anti-intrusion plate
must have a thickness of 1.5mm for solid steel and 4.0mm
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for aluminum. In the case of an impact, the proposed design
must not penetrate the front bulkhead and must not become
a part of the bodywork structure. The other items that
should not be damaged, such as the battery, main hoop,
and hydraulic reservoir, must be positioned behind the
bulkhead and cannot affect the attenuator zone [1].

In designing impact attenuators, several aspects need to
be considered when choosing a material: cost, weight, reli-
ability, and availability. The design must incorporate light-
weight material [6]. In addition, the design must be built
to absorb kinetic energy from a race car and minimize the
deceleration acting on the human body in case of a collision
[7]. To provide optimum safety to the driver, aluminum,
composite, and other metal alloy foil are generally used
[4, 8]. Many substitute materials, such as used cans, including
aluminum and other metal alloys in their elemental com-
position, can be used as an alternative. The main issue
with beverage cans is that they are often recycled, but cans
can pollute the atmosphere [9]. Another issue is the
increasing use of aluminum for food and beverage packaging
[10]. Beverage cans contain metal components, including
92-99% aluminum, zinc, copper, manganese, magnesium,
silica, etc. [11].

In this research, we aimed to identify an alternative use
for discarded beverage cans. Waste cans are a low-cost com-
pared to other materials widely used as impact attenuator
materials. In essence, we aimed to provide potential solu-
tions to mitigate the increasing can waste created by the
growing use of cans as food or beverage packaging. From
an economic point of view, compared to using a filling in
the form of raw aluminum, which is shaped like a can or a
cylinder, using a used can for an impact attenuator can
reduce production costs by more than IDR 500,000 (approx.
USD 34.50) because used cans have other advantages: they
are easy to obtain. For this reason, used cans were chosen
in this study to determine variations in the impact absorbers
with an energy absorption capacity of 7350 J. We aimed to
reduce the costs of fabricating an impact attenuator and
provide an alternative solution for recycling the aluminum
waste in the surrounding environment.

2. Impact Attenuator Technology

2.1. Design Development.Many studies have been conducted
on the manufacture of vehicle safety systems, and many
developments have been achieved in terms of innovation
in vehicle safety system design, such as the development of
electric vehicles. The energy consumption of electric vehicles
can be reduced by redesigning certain parts. We aimed to
assess the ability of a square impact attenuation to absorb
energy. Both metal and composite materials analyses were
conducted to increase weight loss. An energy-damage
approach was considered to determine the energy that is
responsible for structural destruction. The best designs for
electric frontal shock absorbers specialized for vehicles to
absorb fixed impact energy are able to compare introduced
metal and composite models.

Boria et al. [12] used a theoretical model that considers
the energy during destruction. They analyzed various sce-

nario, given the different absorption performance of metallic
materials. Although simplifications were applied, this com-
parison revealed a reasonable level of model accuracy. This
methodology was applied to determine the collision boxes
to adopt in electric cars. The composite structure better
meets the requirements compared to metallic materials.
Hamidreza et al. [2] designed an optimal crash absorber.
The study involved an experimental test of the axial collision
and tilt angle of a tube. The numerical result indicated the
good agreement with the experimental test. To enhance the
energy absorption of various types of tubes, including
square, rectangular, and circular tubes, a multi-design
(MDO) methodology was developed. Measuring the risk of
driver injury in a frontal accident scenario, Rising et al.
[13] conducted an impact test with the SAE Formula car.
In this research, the importance of absorbing the energy of
an impact to protect the driver’s head was emphasized using
a proper headrest design. Later, Belingardi et al. [3] com-
pared the impact attenuator as a completely independent
and silver structure with the car body. The entire geometric
model of the vehicle construction was created in CATIA 3-D
in accordance with the 2008 SAE rules. In the first half of the
simulation, both structures exhibited the same crushing
behavior and the same energy absorption rate. In contrast,
the skeletal structure’s attenuator impact deformed more at
the end of the simulation than the independent frame.

Using another method, the cost of developing and
testing a new safety-related design can be reduced using
accident simulation [3]. Vehicle safety conditions can be
assessed through simulation under actual conditions [13, 14].
The finite element method (FEM) is one of the powerful
approaches for determining the destruction conditions of
impact attenuators. Several scholars have performed differ-
ent simulation tests to determine the effects of impact on the
attenuator conditions. Williams et al. [14] conducted an
impact test using the front of the Caterham sports car 7
using ANSYS LS-DYNA 3D code. The comprehensive
impact event and the contribution of each component were
determined. Heimbs et al. [7] examined the cone collision
condition of the impact structure of F1 racing cars, using
LS-DYNA to control the modeling of composite mate-
rials. The numerical findings were compared to the crash
test data in terms of crush, energy absorbed, and deceler-
ation rates.

2.2. Design Novelty and Comparison to Existing Designs.
Before conducting this research, several studies of impact
attenuators reported designs similar to the latest designs.
Obradovic et al. [15] conducted analytical, computational,
and experimental investigations on energy-absorbing com-
posite structures with simple tubular shapes and subse-
quently with more complicated geometries. Composite
material characterization testing and tube crushing experi-
ments were conducted to set the appropriate parameters
for the numerical models. As a result, the absorbed energy
and actual crushing could be approximated with an accuracy
of about 90%. An experimental test of the crashworthiness of
the impact attenuator design revealed that the nose cone
structure is stable, with flat, almost constant force vs.
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displacement curves and an acceleration limit of less than
20 g. This result conforms to the criteria of the SAE 2008
standard.

Boria et al. [8] described an approach to designing an
impact attenuator using composite material with a thin-
walled square frustum shape. The procedure consists of a
theoretical approach that considers the energy contributions
during axial crushing, analytically defining the external load
as a function of three factors that must be minimized. The
method can predict the mean load and total crushing of a
square frustum formed of composite if the material parame-
ters are known.

Significant distinctions differentiate the two prior studies
and the current design: our impact damper uses a filler
composed of a used sardine can. Then, using a square
frustum-shaped design, aluminum is employed as the shell
of the impact attenuator. There are no holes on the sides
of the shell to improve energy absorption. Only the shell is
collision-absorbing, as it is not composed of rigid material.

3. Structural Crashworthiness

3.1. Terminological Definition. The definition of crashwor-
thiness, in general, is the resistance of a structure to collision.
In the automotive sector, nearly all car manufacturers
conduct crashworthiness tests on their newest vehicle type
before selling them to consumers. For example, Subaru
recently conducted crashworthiness tests for its latest car
model [16]. Two criteria must be met by a car to meet crash-
worthiness: (i) the passenger compartment is not distorted,
and no exterior objects that might endanger passengers are
introduced; (ii) a minimum the deformation distance in
front of the passenger compartment to prevent extreme
injury to passengers.

In cars, to protect the passenger compartment due to a
front-end collision, a bumper system is installed to that
absorbs collision energy by deforming due to a crash. The
bumper system can reduce damage to the passenger com-
partment, preventing injury to the passenger and slowing
the passenger’s body at a safe level. The bumper system
consists of frontal and longitudinal bars. When a frontal
collision occurs, the frontal bar transmits the energy of
the crash. The power is then absorbed longitudinally using
plastic deformation in the form of repeated longitudinal
folds.

3.2. Absorption of Energy. The total energy absorbed ðEAÞ is
the sum of the entire product of the force of disintegration
and displacement represented by the force–displacement
curve. The total energy absorption is described by the area
under the force–displacement curve [17]. This parameter
may be analytically computed using.

EA dð Þ =
ðd
0
F δð Þdδ: ð1Þ

3.3. Crushing Force. The mean crush force (Pm) is calculated
by dividing the energy absorption (EA) by the change in

maximum displacement [17]. This parameter may be com-
puted using.

Pm = EA
δ

ð2Þ

The total energy absorption capacity is determined by
the mean crush force (Pm). To investigate the geometry or
material discrepancy, balanced complete energy absorption
by mass is necessary, and it is achieved through calculating
specific energy absorption as

SEA = EA
m

ð3Þ

The crush force efficiency (CFE) is used to demonstrate
the crashworthiness capability of structural components.
The parameter is defined as the ratio of mean crushing force
to maximum peak force [18].

CFE = Pm
Pmax

ð4Þ

3.4. Pioneer Works in Vehicles and Transportation. In a
series of critical vehicle structures, such as vehicle frames,
helicopter sub-floors, and highway dividers, crashworthiness
was studied in the field of plastic structure deformation. The
main objective of these studies is to protect individuals
against injuries due to impacts, crashes, and collisions [19].
Many scholars have undertaken extensive technical work
on the various geometries of the crash box. By evaluating
several different geometrical factors, the influence of design
geometry on crash energy absorption was explored to assess
the effect on the energy absorption capacity of the crash box.

The energy absorption characteristics of glass-fiber-
reinforced plastic (GFRP) crash boxes with different geomet-
ric shapes exposed to axial crush loading were evaluated by
Hussain [20]. The comparison of the crash outputs demon-
strated that the increasing order of the energy rate absorbed
by the thin-wall structure with square, cylindrical, hexago-
nal, and decagonal shapes. Nia et al. [21] evaluated a signif-
icant number of tubes composed of aluminum alloy in
various cross-sectional configurations. They found that
absorbed energy per unit mass was the highest for cylindrical
tubes for the same loading type (quasi-static loading).

Weight-saving demands have prioritized the design and
the materials of car bodies and assembly parts for vehicle
manufacturers [12]. Several researchers have evaluated the
absorbing energy performance of different materials. Three
different material categories have been investigated regard-
ing crashworthiness: metal/alloy, composites, and a hybrid
of composites–metal/alloy. In the category of metal/alloy,
investigations mainly focused on the major steel and alumi-
num materials. According to Reyes et al. [22], steel is usually
for various reasons: prior findings with the same material are
available to enable comparison, the significant use of steel in
car body structures, convenient accessibility, and affordabil-
ity. Conversely, aluminum is a lightweight yet robust mate-
rial that has attracted the curiosity of experts trying to
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examine its crashworthiness. The behavior of several types
of composite materials as a crash box has been extensively
investigated; the brittleness of composite materials resulted
in the development of composite–metal/alloy hybrids [12].

Understanding the crash behavior under various work-
loads helps to design the crash absorber structure of a car.
The four car crash loads are axial, oblique, lateral, and bend-
ing loading [23]. Axial and oblique loading conditions are
strongly related to the structure of the crash box. The tube
is compressed in parallel to the longitudinal axis of the
lateral loading condition. This kind of loading for car bum-
pers is usually examined and positioned longitudinally at the
front of the vehicle. The axial and oblique crash loads can be
evaluated in an almost quasi-static or dynamic environment
to explore the performance of crash-absorbing members.
Various test settings are used to understand how the tested
structure is influenced by crushing speed and energy [24].

4. Foundation of Failure Pattern

4.1. Plate/Shell Tension. In [25], a theoretical methodology
was created to examine the response and predict the perma-
nently deformed profile of an arbitrarily shaped ductile plate
exposed to significant static or dynamic loads causing plastic
strain. The material was assumed to be a rigid, perfectly
plastic with a yield stress σ0 and a uniform thickness H.
The governing equations for impact loading can be simpli-
fied as

−G €W _W −
ð
A
μ€w _wdA

=
ð
A

Mr +wNrð Þ _kr + Mθ +wNθð Þ _kr
n o

dA

+ 〠
n

m=1

ð
Cm

Mr +wNrð Þ ∂ _w
∂r

� �
m

dCm + 〠
v

u=1

ð
Cu

Qr _wð ÞudCu

ð5Þ

The basic methodology was adopted in this context to
estimate the dynamic response of plastic beams and plates
in circular plates exposed to dynamic pulses and blasts
[25–27], and rigid mass in the central span for beams
and round and square plates [21, 28]. The transverse shear
in Eq. (5) was not investigated further for the last term
since significant ductile deformations were analyzed with-
out material failure or perforation. As a result, the yield
condition is composed of four common stresses ðMr ,Mθ,
Nr , andNθÞ. The deformation profile is composed of rigid
areas divided by a plastic hinge; then, the proper yield condi-
tions in Figure 1 govern the plastic flow at the hinge line.
The exact yield criterion is circumscribed by a square yield
condition (maximum normal stress yield criterion).

The admissible transverse velocity field in Figure 2 is
assumed to govern the response of the rectangular plate
(2L × 2B) in Figure 3, which has a moment resistance mM0
around the supports (m = 0 and 1 describe the supported
and the fully clamped cases, respectively, but intermediate
cases (0 <m < 1) are included in the analysis). It was
assumed that the mass strikes the rectangular center of the

plate, has a negligible cross-section relative to the size plate
B and L, and provides a response that can be expressed by
Eqs. (6) and (7) defined by the transverse velocity profile
in Figure 2.

_w = _W 1 − x/Lð Þ, 0 ≤ x ≤ L, 0 ≤ y ≤ Bx/L ð6Þ

_w = _W 1 − x/Bð Þ, 0 ≤ x ≤ yL/B, 0 ≤ y ≤ B ð7Þ

For the quadrant that has positive x and y values, the
behavior of this quadrant is identical to the other three
quadrants based on concepts of double symmetry.

Figure 2 shows a transverse velocity profile that requires
plastic hinges at the diagonals and the supports of a rectan-
gular plate (unless m=0). For a hard, perfectly plastic
material, the interior regions remain rigid. Hence the inte-
gral for continuous deformations in Eq. (7) does not affect
internal energy dissipation. As a result, Eq. (5) is rewritten
as Eq. (8) are as follows.

−G €W _W −
ð
A
μ€w _wdA = 〠

r

m=1

ð
lm

M +Nwð Þ _θmdlm ð8Þ

For a flat, rigid, perfectly plastic plate that is deformed by
stationary, straight, plastic hinges into many rigid zones, the
membrane force and bending moment act on a plane that
passes through a hinge and is transverse to the mid-surface
of a plate. When Eq. (8), for the impact in Figure 3, is com-
bined with Eqs. (6) and (7) for the transverse velocity field
and the square yield condition in Figure 1, the following
equation is obtained:

€W + α2W = − 1 +mð ÞHα2/2 ð9Þ

(Maximum normal
stress yield curve)

Inscribing
yield curve

Circumscribing
yield curve

–1

–1 0 0.618

0.618

1

M
M0

1
N
N0

Figure 1: Yield conditions at plastic hinged lines developed in the
rectangular plate (including support for m≠0).
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where

α2
12M0 1 + β2� �
μHL2 1 + 6γð Þβ2 ð10Þ

β = B
L

ð11Þ

γ = G
4μBL : ð12Þ

It is necessary to maintain the linear momentum at t=0:

GV0 =GW + 4μ
ðL
0

ðBx
L

0
_W 1 − x

L

� �
dxdy

+ 4μ
ðL
0

ðBx
L

0
_W 1 − y

B

� �
dxdy

ð13Þ

or

_W =V0/ 1 + 1/3yð Þ ð14Þ
Then, Eq. (15) has a general solution:

W = A sin αt + B cos αt − 1 +mð ÞH/2 ð15Þ
The values of A and B are obtained from the initial

conditions at t = 0; namely, w = 0, and W can be denoted
by Eq. (16).

W = V0
α 1 + 1/3yð Þ sin αt + 1 +mð ÞH

2 cos αt − 1 +mð ÞH
2

ð16Þ

Now differentiating Eq. (16) concerning time provides
the transverse velocity _W from the duration of motion T
when _W = 0, or

tan αT = 2V0
1 + 1/3yð Þ 1 +mð ÞαH ð17Þ

Finally, Eqs. (8) and (9) represent the dimensionless
maximum permanent transverse displacement, which can
be denoted as:

Wf

H
= 1 +mð Þ

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 + 12βΩγ 1 + 6γð Þ

1 + β2� �
1 +mð Þ2 1 + 3γð Þ2

( )vuut − 1

2
4

3
5

ð18Þ

If the striking mass G is heavy compared to the plate
mass, then γ}1, and Eq. (19) reduces to:

Wf

H
=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 + 12βΩ

1 + β2� �
( )vuut − 1 ð19Þ

where

Ω = GV0
2

4σ0H3 : ð20Þ

With m = 1, for the fully clamped scenario, Eq. (19)
reduces the corresponding equation for a square plate with

2L

2Bx

y

(a)

L

W
. w

.

x

(b)

Figure 2: Pyramidal-shaped transverse velocity field for a rectangular plate struck at the center: (a) plan view of plastic hinge lines, (b) side
view of pyramidal-shaped transverse velocity.

H
mM0 mM0

G

V0

x

L

Figure 3: A rectangular plate with a length struck at the center by a rigid mass G traveling at an impact velocity V0. The bending resistance
around the four supports is mM0, where 0 ≤m ≤ 1 and M0is the plastic limit moment per unit length of the plate cross-section.
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β = 1. Eq. (17) and (18) provide the assumptions for a
supported rectangular plate impacted by a rigid mass with
m = 0.

4.2. Concertina Tearing. The existence of two distinct failure
mechanisms was demonstrated by all scale experiments on
wedge indentation into metal plates. Plates failed in the case
of sharp wedges with a slight tip angle by developing a
longitudinal cut at or ahead of the wedge’s tip, followed by
the formation of two curls at the wedge’s wake. When the
wedge was blunt, and the tip angle was large and the same
plates failed by folding in front of the wedge and tearing at
remote boundaries. This is referred to as concertina tearing.
Wierzbicki [27] investigated concertina tearing in 1994 and
discovered that the tearing force has a formula as follows:

Fcon = 5:04σ0t
1:67b0:33 + 8

3Rc:t ð21Þ

with a range for the specific work of fracture of mild steel:
Rc = 300 ~ 1000ðN/mmÞ.

Deformation may occur in several folds. Observations
from many tests demonstrated that the webs rupture during
the second fold. The average crushing force for concertina
tearing is given in Eq. (22) by adding the contributions from
the first folded lobe and the second newly crushed lobe, as
follows:

Fcon = 2:435 + 4:33ð Þσ0t1:67b0:33 = 6:77σ0t1:67b0:33 ð22Þ

4.3. Plate Folding. Plate folding is a form of deformation that
occurs when a straight plate is given a load that exceeds the

yield limit of the material. The crushing mode is illustrated
in Figure 4. The double fold is expected to be the same as
the first fold. The behavior of subsequent folds is similar to
that of a centrally indented beam or transverse load [29].
Equation Eq. (23) is used to calculate the resistance force
of the first folded web.

F1 = 4:62σ0tH
δ − 2H

b
ð23Þ

The crushing force for the second folding process is
written as Eq. (24) when the resistance of the first folded
web is considered.

F = 4:33σ0t
1:67b0:33 + 4:62σ0tH

δ − 2H
b

ð24Þ

The crushing force can also be established at the third,
fourth, fifth fold, etc. In short, the web crushing resistance
force can be stated as:

With several folds, the web rupture in the n0th fold
becomes Eq. (26) if its penetration is larger than the critical
penetration.

n0 = Int
δc
2H

	 

+ 1 = Int 0:6 b

t

� �0:33 ffiffiffiffiffiffi
2εc

p" #
+ 1 ð26Þ

4.4. Axial Crushing. A static axial load applied to a thin-
walled cylindrical shell or tube is illustrated in Figure 5
[30]. In many practical contexts, thin-wall circular tubes
are employed to absorb impact energy. The research regard-
ing axial influence was later conducted by considering the

structural crashworthiness of rail coaches with thin-walled
circular and square tubes.

The total amount of energy absorbed during the config-
uration of one full wrinkle in a thin-walled circular tube in
Figure 6 is:

DT = 4πM0 πR + lð Þ + 2πσ0l
2H ð27Þ

The equation can also be written as

DT = 2πσ0H2 πR + lð Þ/
ffiffiffi
3

p
+ 2σ0l

2H ð28Þ

1st fold 2H

b b

2H2nd fold

𝛿

Figure 4: Subsequent folding of web crushing.

F

4:33σ0t
1:67b0:33 ⋯⋯⋯ ⋯ ⋯ ⋯ ⋯ ⋯ ⋯ ⋯ δ ≤ 2H

4:33σ0t
1:67b0:33 + 4:62σ0tH

δ − 2H
b

⋯⋯⋯ ⋯ ⋯ ⋯ ⋯ ⋯ ⋯ ⋯ 2H < δ ≤ 4H

4:33σ0t
1:67b0:33 + 4:62σ0tH n − 1ð Þ δ − n:H

b

� �
⋯⋯⋯ ⋯ n − 1ð Þ 2Hð Þ < δ ≤ n 2Hð Þ

8>>>>>><
>>>>>>:

ð25Þ
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Theoretical analysis showed that the mean crushing
force for a tube with convolutions that form internally
instead of externally is

Pm

M0
= 4 3ð Þ14π3

2
R
H

� �1
2
− 2π ð29Þ

which offers a reasonable approximation to the actual crush-
ing force:

Pm = 2 πHð Þ32R1
2

σ0
31/4

� �
ð30Þ

5. Mathematical Formulae and Algorithm

5.1. Von Mises Stress. The von Mises yield criterion states
that if the loaded material of stress exceeds or is equivalent
to the performance yield limit [31], yields are achieved.
Therefore, the von Mises yield criterion is commonly rewrit-
ten as:

τv ≥ Sy ð31Þ

The von Mises stress is a theoretical value that compares
three-dimensional stress in general with the uniaxial stress
level. In this case, von Mises stress can be written as Eq.
(32) where z, r, and t are the axial, radial, and tangential
stresses, respectively.

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τz − τtð Þ2 + τt − τrð Þ2 + τr − τzð Þ2

2 =
r

τv ð32Þ

5.2. Explicit FE Methodology. The impact attenuator crash is
classified in a nonlinear dynamic event requiring the appro-
priate calculative method for resolving its almost-limitless
scenario [23, 32–34]. Nonlinearity is integrated into the
analysis, as underlying principles of linear analysis are con-
tradicted by materials and structures that surpass its yield
limit. Depending on the time, the dynamic characteristic is
considered to change gradually. The explicit technique is
recommended to solve phenomena with these requirements
since certain assumptions are beneficial, such as the subject
is a lumped mass matrix, and simple inversion is required.
Uncoupled mathematical equations can be solved directly,
so a convergence check is not required. When all nonlinear
variables (including contact) are included in the internal
force vector, no inversion on the stiffened matrix is neces-
sary. To maintain the stability limit, a small time step is nec-
essary, which corresponds to the short time process of an
impact attenuator collision. The formulation of explicit time
integration is as follows:

atf g = M½ �−1 ≤ Fext
t

� �
− Fint

t

� �� � ð33Þ

Fint =〠
ð:
Ω

BTσndΩ + Fhg
� �

+ Fcont
� �

ð34Þ

Vt+Δt
2

n o
= Vt−Δt

2

n o
+ atf gΔtt ð35Þ

Ut+Δtf g = Utf g + Vt+Δt
2

n o
Δtt+Δt2 ð36Þ

Xt+Δtf g = X0f g + ut+Δtf g ð37Þ

6. Experimental Testing

6.1. Test Profile. Compressive testing was conducted using a
universal testing machine (UTM) on a specimen consisting
of a shell of an impact attenuator and a used can. The exper-
imental tools used in this test case are illustrated in Figure 7,
and the dimensions of the impact attenuator and shell cans
are described in Figure 8. During the compressive test shown

H
R

L

P

Figure 5: An axial force P was applied to a thin-walled cylindrical
shell.

R
H

l

l
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b

c

Pm

Pm

𝜙
Hinges

Figure 6: Idealized axisymmetric or concentrated crushing mode
for axial compression of a cylindrical shell.
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in Figure 9, both the impact attenuator and used cans were
placed in the rectangular plate to fix the position. The com-
pressive test was conducted by compressing the specimens
using a rectangular compressive plate moved by a moveable
crosshead. A video of the test object as a material for analyz-
ing the deformation shape during the test was recorded. The
result of the compressive test was obtained by plotting the
crushing force and internal energy curves of both the impact

attenuator and the used cans. The results of the experimental
test, especially for the table, were used to the verify simula-
tion results, as described below.

6.2. Verification: Finite Element Analysis Vs. Experimental
Laboratory Test. The verification test was used to validate
the finite element model. In the verification, the crushing
force and internal energy results of the experimental test

Control panel

Oil control cabinet

Hydraulic grip

Column

Moveable cross head

Compression plate

Compression plate

Working table

Oil cylinder

Figure 7: The universal testing machine (UTM) used in the experiments.

232 mm

254.6 mm274.6 mm

200 mm170 mm

(a)

113 mm

73.4 mm

(b)

Figure 8: Dimensions of the (a) impact attenuator and (b) used cans.

Lower cross head

Compression plate

Column

Plate

Working table

(a)

Compression plate

Compression plate

Lower cross head

(b)

Figure 9: Experimental testing setup for the (a) shell of the impact attenuator and (b) used cans.
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were compared to the simulation results obtained with
ANSYS LS-DYNA software with an expected error limit of
5%. The first verification test was conducted by comparing
the experimental and numerical results of the crushing force
and internal energy of the impact attenuator, as shown in
Figure 10. Figure 10(a) shows that the crushing forces
obtained by the experimental and numerical tests are a good
agreement. We found that both results have a similar curve,
although the crushing force of the simulation test has a
larger value at the end of the curve. The validation test of
the impact attenuator using internal energy is shown in
Figure 10(b); the two curves have a similar curve pattern,
where the simulation test begins with an increase in load
and then immediately drops. The curve tends to experience
stable fluctuations. However, the curve has a high growth

because, when it reaches the displacement, the impact skin
forms stacked folds and creates a more severe condition in
the material so that the load has a higher value, as shown
in Figure 10(a). Although the shapes of the curve are not
too similar, both results of the internal energy value met
the error requirement of being below 5%, as shown in
Table 1. The curve appears somewhat different because in
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Figure 10: The validation test of (a) crushing force and (b) internal energy in the shell impact attenuator.

Table 1: Comparison of internal energy between experimental and
simulation results.

Internal energy Unit Simulation Experiment Error

Used cans Joule 54.6693 53.9473 1.3%

Shell of impact attenuator Joule 4173.48 4180.25 0.2%
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experimental testing, the impact skin of the impact attenua-
tor had a less-than-perfect weld. When the pressure was
applied to the skin, it caused stress concentration at the
welding angles. We also observed that the impact attenuator
tore at corners at the end of the test. The deformation shape
due to impact loading between experimental and numerical
simulations is compared in Figure 11.

The comparison of the experimental and numerical
test results of used cans is illustrated in Figure 12. In

Figure 12(a), the crushing force of both simulations shows
that the two curves have an up-and-down pattern that
begins with the two curves rising; when the displacement
approaches 5mm, the curve decreases. Then, the two curves
change in value, up and down, ending at a displacement of
50mm. Although not precisely the same, the up-and-down
patterns on the chart are similar. For the comparison of inter-
nal energy (Figure 12(b)) of used cans, the internal energy
increases with the increase in displacement. Although we be
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Figure 11: Comparison of deformation shape of impact attenuator shell: (a) experimental test and (b) nonlinear FE simulation.

0 10 20 30 40 50
0

1

2

3

4

Displacement (mm)

Cr
us

hi
ng

 fo
rc

e (
kN

)

Simulation
Experimental

(a)

0 10 20 30 40 50
0.00

0.01

0.02

0.03

0.04

0.05

0.06

Displacement (mm)

In
te

rn
al

 en
er

gy
 (k

J)

Simulation
Experimental

(b)

Figure 12: The validation test of (a) crushing force and (b) internal energy in the used cans.
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found that both curve patterns have dissimilar patterns, the
error between them is low.

The comparison of the internal energy between used
cans and the impact attenuator is illustrated in Table 1.
We found that the proposed finite element simulation agrees
well with the experimental test, with minor differences below
5%. The error percentage of the internal energy in used cans
is 1.3% and that of the impact attenuator is 0.2%. We found
that, with a reasonable 1-4 h operating time, these proposed
models and analysis methods can be used in the future

to repeat designs to quickly achieve the desired impact
attenuator.

6.3. Mesh Convergence Study.Mesh convergence is an essen-
tial factor in achieving accurate results with reasonable com-
putational time [35, 36]. The use of a coarse mesh can yield a
less-stiff structure response. Therefore, several mesh sizes are
used to obtain the optimum mesh sizes with less computa-
tional time. Here, a mesh convergence study was conducted
by investigating the crushing force response of both impact
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Figure 13: The crushing force with a different mesh size between (a) the shell of the impact attenuator and (b) used cans.
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Figure 14: Impact attenuator components: (a) pounder, (b) shell of impact attenuator, (c) buffer component, and (d) food cans
arrangement.
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attenuators and used cans using six different element sizes.
The mesh sizes in the model were set from coarse to fine
mesh. The size of the elements applied for used cans with
different ELT ratios was 3×3, 3.6×3.6, 4.2×4.2, 4.8×4.8,
5.4×5.4, and 6×6mm. The element size used for the shell of
the impact attenuator was 9×9, 10.8×10.8, 12.6×12.6,
14.4×14.4, 16.2×16.2, and 18×18mm.

Figure 13 compares the crushing force of the impact
attenuator and the used cans with different mesh sizes,
showing that the smaller the mesh size, the higher the crush-
ing force. For detailed analysis, the crushing force for each
mesh size was converted to mean force to choose the opti-
mum mesh size. The mean forces for the shell of the impact
attenuator with element sizes of 9×9 and 10.8×10.8 mm
were not significantly different (only about 2.33%); as such,
we found that an element size of 10.8×10.8 mm can be
used to model the impact attenuator’s shell to speed up the
computation time while ensuring results accuracy. The mesh
convergence test in used cans revealed that the mean forces
with element sizes of 3×3 and 3.6×3.6 mm were not signif-
icantly different (only 1.29%), so that the element size of
3.6×3.6 mm was the best option to numerically model
the used cans. From that result, we found these mesh sizes
validated the correctness of the model used in this analysis.

7. Extended Comparative Study:
FE Setting and Preparation

7.1. Geometrical Design and Applied Material. With the
extended numerical simulation, we aimed to comparatively
design impact attenuators under various scenarios. In this
study, four parts were designed: the pounder, the skin of
impact attenuator, food cans, and a support/buffer compo-
nent. In this case, the impact attenuator was subjected to

impact load using a collector plate with a thickness of
10mm, and the pounder was 305.4×325.4mm (length ×
width), as shown in Figure 14(a). For the element type, we
used a four-nodal Belytschko-Tsay shell element with an ele-
ment size of 20×20mm. This collector functions to destroy
the impact attenuator at a predetermined speed, so a solid
and rigid material is required. AISI 1065 carbon steel was
used as the collector plate material, as shown in Table 2.

The shell of the impact attenuator had a height of
232mm, a thickness of 2mm, and an angle of 9.13o. The
impact shell was modeled using the four-nodal Belytschko-
Tsay shell element, as shown in Figure 14(b). In this case,
the impact attenuator shell was modeled by two different
aluminum alloy material series, aluminum 6063 and 1100,
as shown in Table 2. These are lightweight and easy to shape

Table 2: Material properties of various materials.

Material parameters
AISI 1065 carbon steel

[37]
Aluminum 6063

[38]
Aluminum 1100

[39]
Aluminum alloy 3004 [40]

Density (kg/mm3) 7.85 x 10-6 2.77 x 10-6 2.712 x 10-6 2.68 x 10-6

Young’s modulus (GPa) 200 70 68.9 70-80

Poisson’s ratio (-) 0.3 0.33 0.33 0.33

Tensile yield strength (GPa) 0.490 0.048 0.105 0.170

Ult. Tensile strength (GPa) 0.635 0.09 0.110 0.215
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Figure 15: Boundary conditions of the FE analysis.

Table 3: Designed scenario variations for the impact attenuator.

Velocity Material types Slope (degree) Code

1mm/ms

Aluminum 1100

0 A110

10 A111

20 A112

Aluminum 6063

0 A160

10 A161

20 A162

7mm/ms

Aluminum 1100

0 A710

10 A711

20 A712

Aluminum 6063

0 A760

10 A761

20 A762
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and process. The model material was used using piecewise
linear plasticity. The geometrical arrangement of food cans
is depicted in Figure 14(d). Food cans were modeled with
four nodal Belytschko-Tsay shell elements with a thickness
of 0.6mm without a lid. The material for used food cans in
this test was aluminum alloy 3004 (Table 2) with mechanical
properties determined through experiments then validated
through simulations with an error below 5%. The buffer
component was modeled as a rigid plate with a thickness
of 4mm, as depicted in Figure 14(c). The buffer dimension
of 305.4×325.4mm was modeled by the four-nodal
Belytschko-Tsay shell. The buffer functioned as a retaining
wall for the high-speed impact attenuator. It was modeled
by solid and rigid material using AISI 1065 material. The
mechanical properties are shown in Table 2.
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Figure 16: The crushing force of codes (a) A110, A111, and A112; (b) A160, A161, and A162; (c) A710, A711, and A712; and (d) A760,
A761, and A762.

Table 4: Average crushing force for all scenario codes.

Scenario code
Average force

(kN)
Scenario code

Average force
(kN)

A110 87.0496 A710 75.2296

A111 79.2909 A711 63.2848

A112 43.9938 A712 66.0406

A160 85.3031 A760 75.3592

A161 82.3046 A761 66.9697

A162 44.1985 A762 60.8248
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7.2. Boundary Conditions and Impact Scenario. As explained
in the JSAE rules, the impact attenuator must be arranged at
the front of the car, then crashed into a rigid wall with a con-
stant speed of 7m/s with a car mass of 300 kg and absorbing
7350 J. In this case, to simplify and shorten the simulation
time, the test was arranged as follows: We assumed that
the collector moved at a predetermined speed toward the
impact attenuator (z-axis), a fixed condition for all rotations
and translations on the X and Y axes. The buffer was
assumed to be in the all degrees of freedom (all DOF) condi-
tion, where the rotation and translation on the X, Y, and Z
axes were in a fixed state, as shown in Figure 15. For this
simulation, two types of testing were conducted. The first
was testing with quasi-static and dynamic analyses. For
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Figure 17: Internal energy of codes (a) A110, A111, an A112; (b) A160, A161, and A162; (c) A710, A711, and A712; and (d) A760, A761,
and A762.

Table 5: Internal energy data of all scenario codes.

Scenario
code

Internal energy
(kJ)

Scenario
code

Internal energy
(kJ)

A110 7.3141 A710 6.9315

A111 5.2187 A711 4.7318

A112 3.6821 A712 4.5311

A160 7.2437 A760 6.9422

A161 5.5654 A761 5.1948

A162 4.0038 A762 4.5119
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quasi-static analysis, the pounder speed was set to
1mm/ms. For dynamic testing, the rate was 7mm/ms
according to the JSAE rules. Then, the displacement of
the pulverizer was limited to a distance of 200mm. In this
modeling, two types of contact were used: automatic node
to the surface and automatic single surface. Automatic
node-to-surface contact was used on the surface of a part
that contacted another part of the body. In this case, it
was used to contact the collector with the impact attenua-
tor and the impact attenuator with the support. This type
of contact in LS-DYNA is suitable for use in contacts
involving rigid objects based on the information. The
automatic single-surface contact type was used to apply
interaction with the tube walls. This type of contact inter-
action prevents the penetration between the folds as the
tube undergoes progressive buckling. Based on the descrip-
tion of this type of contact, LS-DYNA is suitable for appli-
cations in crashworthiness analysis.

The termination time is the time needed to determine
the total time in the test analysis. In this case, two variations
in the speed type in the simulation modeling were used to set
the time to stop the analysis. At the speed of 1mm/ms, the
end time was 200ms, and for 7mm/ms, the end time was
set to 28.5ms. The velocity in these two tests was always
constant. Without any acceleration or deceleration effect, it
was expected to provide deformation and displacement at
an impact of 200mm. In this scenario, various design cases
were constructed based on the various velocities, material
types, and degrees of slope. A total of 12 codes shown in
Table 3 were comprehensively analyzed to obtain the
absorption performance.

8. Structural Crashworthiness: Toward a New
Attenuator Design

8.1. Absorption Performance. After verifying the test results,
a pre-processing stage to set the boundary conditions and
material properties was applied to the following cases,
including performing simulations based on predetermined
variations. In this section, the absorption performance
results of our new impact attenuator design with different
material properties subjected to various impact speed rates
and load degrees are provided. Figure 16 compares the
crushing force for all predetermined variations. The first is
the crushing force curves of code A110, A111, and A112,
as shown in Figure 16(a). At the beginning of the displace-
ment, the force curve of A110 has the highest increase com-
pared to the other two curves, with a value of more than 100
kN. This was caused by the collector on the A110 with a
slope at 0 degrees that was not tilted or perpendicular to
the impact attenuator’s axial direction. We also found that
the increase in slope decreased the crushing force. If we
examine the pattern of the three curves, all three have a pat-
tern that is almost similar to A110’s curve, where the highest
crushing force was found for A110 and the lowest for A112.

The same phenomenon was observed in the result of
crushing force for A160, A161, and A162 (Figure 15(b)),
where the curves have patterns and conditions similar to
those of A110, A111, and A112. We found that A160 had
the highest value, and followed A161, and the lowest was
found for A162. Increasing the degree of slope tended to
decrease the crushing force. Comparing the crushing force
data for A160, A161, and A162 using Aluminum 1100, we
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Figure 18: Deformation shape on various slope degree at displacements of: (a) 50, (b) 100, (c) 150, and (d) 200mm.
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found that the absolute value of the force curve of A160
reached a maximum load of 500 kN, which is higher than
that of A110. In detail, the average load values in Table 4
of A110, A111, and A112 at the same slope degree tend to
be smaller than those of A160, A161, and A162. From that
result, we found that the mechanical properties of the alumi-
num 6063 series are better than those of the aluminum 1100
series. The highest average value was found in the pounder
with a slope of 0o, followed by 10° and 20°.

The dynamic analysis of the impact load of the proposed
impact attenuator design with a speed of crushing force of
7mm/ms is depicted in Figures 16(c) and 16(d). The curves
of crushing force of the two materials show a similar pattern.
A similar phenomenon also occurred where the higher the
slope degree, the lower the crushing force. The data of aver-
age load in Table 4 also show that aluminum 6063 series is
superior. Compared to the curve pattern with a velocity of
1mm/ms, the curve with a rate of 7mm/ms shows a rela-
tively increased load at a displacement of 100mm. This
was caused by the pounder pressing the cans on the bottom

layer until deformation occurred. This high load increase
was caused by the high impact speed of 7mm/ms.

The graph and the final value of internal energy for all
model variations are provided in Figure 17 and Table 5,
respectively. After the data on the final value of the internal
energy were collected, we found that the variation in the
impact attenuator with a slope degree of 0° had the highest
internal energy value, followed by 10° and 20°. This occurred
where the collector at an angle of 0° hit the impact attenua-
tor, perfectly perpendicular to the axial direction. We also
found that the models with aluminum 6063 series for all
speed and slope variations had almost a better result com-
pared to the model using aluminum 1100, as shown in
Table 5. Compared to the impact energy of the model sce-
nario at a speed rate of 7mm/ms, at an impact speed of
1mm/ms, the energy absorption was better. From this result,
we concluded that the slower the impact speed rate, the
more the energy absorbed. As technical note, the force is
generated to energy, but not solely internal energy. They
can be internal energy, kinetic energy, contact (sliding)
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Figure 19: The von Mises stress at various slope degrees for displacements of (a) 50, (b) 100, (c) 150, and (d) 200mm.
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energy, hourglass energy, etc. Therefore, value of the crush-
ing force multiplied by displacement will not exactly same as
the internal energy.

8.2. Geometrical Failure. After investigating the absorption
performance of the impact attenuator due to impact load
at a rate of 7mm/ms by comparing the values of crushing
force and internal energy of all the evaluated models, we also
investigated the behavior and pattern of the geometrical fail-
ure under various tilt angles. Several geometrical failures
from ANSYS LS-DYNA software, including deformation
shape, von Mises stress, and plastic strain, were evaluated.

Figure 18 shows the deformation results of the impact
attenuator with a slope angle of 0°, 10°, and 20°, analyzed
at four stages of displacement: 50, 100, 150, and 200mm.
At an initial displacement of 50mm, the top part of the cans
and the impact attenuator shell began to experience defor-
mation at all slope degrees. At 100mm, the skin of the
impact attenuator began to crease on all sides, experiencing
severe damage compared to the displacement at 50mm. At
a displacement of 150mm, the can at the bottom started to
deform, and it wholly deformed at the displacement of

200mm. Comparing the deformation shapes at different tilt
angles, we found that the model subjected to a 0° tilt angle
experienced the highest deformation. In the impact attenua-
tor design with tilt angles of 10° and 20°, the deformation
pattern showed that the upper part of the impact attenuator
experiences different deformation shapes: on the left, it is
highly deformed; on the right side, it did not undergo severe
deformation. We determined that this f was caused by the
entire model not experiencing deformation due to the f tilt
angle on the impact attenuator pounder.

In addition to the displacement shape, we also compared
the stress and strain. The red color of the fringe levels in
Figure 19 shows the maximum stress values in GPa. There-
fore, in both contour displays, the red color in the fringe
levels represents the most vulnerable parts of the simulated
contour, whereas the blue color represents the most durable
parts. We found that the vulnerable part due to high stress
concentration was experienced in the top corner of the
impact attenuator shell. From the stress results of the tilt
angle variations, the impact attenuator design subjected to
load at 0° experienced high red contour compared to the
other two variations in load angle.
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Figure 20: Plastic strain for various slope degrees at displacements of (a) 50, (b) 100, (c) 150, and (d) 200mm.
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Based on the contour of the effective plastic strain, we
observed that the impact attenuator was subjected to consid-
erable strain on some sides, as shown in Figure 20. This sit-
uation is denoted in red, which indicates that the element
experienced significant strain. The red tends to be concen-
trated in the corners of the impact attenuator’s skin where
the welds were located.

9. Conclusions

The structural crashworthiness of a new attenuator design
with various predetermined parameters was numerically
investigated to determine its absorption and deformation
pattern. The verification test of the impact attenuator and
used cans showed that both the experimental and numerical
results are in good agreement, indicating the correctness of
the proposed finite element model with minor differences
or error below 5%. A convergence study was conducted to
determine the optimal element size used for modeling the
cans and impact attenuator shell with a reasonable computa-
tional time. From the result, the following conclusions were
drawn.

The compressive stimulation test was performed on 12
variations of the impact attenuator. The data were collected
to compare and analyze the deformations at three different
collision angles and two speed rates. Based on the results,
we found that design models using aluminum 6063 series
have better mechanical properties. We also found that the
0° loading angle had the highest absorption capacity, but
the higher the slope degree, the lesser the damage. To
summarize, we concluded that the model of code A110
had the highest crushing force and internal energy at
87.0496 kN and 7.3141 kJ, respectively. Although the design
has not yet reached 7350 J (obtained highest energy equals
with 7314.1 J), using waste cans as the impact attenuator
might be an alternative to reduce costs compared to other
materials, which are expensive and challenging to create. In
future research, investigation is needed to obtain higher
crashworthiness performance using other used cans with
different material compositions.

Nomenclatures

α: Defined by Equation (10)
β: Aspect ratio
γ: Mass ratio
εv: Tension strain in the upper fibre of the web
Δtt : Difference in time of at time t compared to the

initial/selected condition
δ: Displacement
μ: Mass per unit surface area
σ0: Yield stress
τ: Stress tensor
τv: von Mises stress
σn: Internal stress
Ω: Solid volume
∂ _w/∂r: Angular velocity
A: Surface area
at : Acceleration

b: Length
2B: Width of a rectangular plate
BT : Form identical to the linear discrete

strain-displacement matrix
CFE: Crushing Force Efficiency
d: Diameter of projectile
Dl: Plastic energy absorbed
Em1: Membran energy rate
EA: Energy absorption
F: Crushing force
Fcont : Contact force
Fcon: Concertina tearing force
Fext
t : Applied external and body force vector

Fhg: Hourglass resistance force
Fint
t : Internal force vector

Fm: Mean crushing
G: Impact mass
H: Height of web
2H: Crushing distance
k: Constant value
kr : Radius changes of curvature
2L: Length of a rectangular plate
l: Length
m: Mass
M0: Plastic collapse moment per unit length (σ0H

2/4)
Mθ,Mr : Radial and circumferential bending moments per

unit length
Nθ,Nr : Radial and circumferential membrane forces per

unit length
Pm: Mean crushing force
P max: Peak crushing force
R: Radius
Rc: Specific work of fracture
SEA: Specific Energy Absorption
Sy : Simple tension elastic limit
T : Response time
t: Time
Ut : Displacement at time t
V0: Initial impact or impulsive velocity
Vt : Velocity at time t
w: Transverse displacement
W: Transverse displacement at the centre of a plate
Wf : Maximum permanent transverse displacement
X0: Initial geometry initial geometry
Xt : Updated geometry at time t
x, y: Cartesian coordinates.
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