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Abstract: This paper presents a comprehensive investigation utilizing simulations to analyze the
peak force and energy absorption characteristics of cylindrical configurations, as well as a novel
spiral crash box design inspired by the albuca spiralis form. The study aims to evaluate the behavior
of these designs in low-speed collisions by utilizing aluminum and steel as two different materials.
Four primary forms of thin-walled structures, including concentric circles, tangent circles, half-
balanced circles, and spiral circles, were thoroughly examined using finite element analysis. Mesh-
independent tests were conducted to ensure the accuracy of the simulation results, and various
crumple displacements were compared to determine the optimal mesh sizing. The numerical results
demonstrate a significant reduction in peak force for the aluminum crash box, with a remarkable
60% decrease compared to the steel crash box. Furthermore, the spiral shape, identified as an
optimized design, exhibits a low peak force of only 118.42 kN and offers superior energy absorption
of 9.15 kJ per kilogram compared to the other designs. Consequently, employing nature-inspired
designs provides substantial benefits for enhancing crashworthiness in energy-absorbing devices.

Keywords: Bionic inspired; energy absorption; crash box; thin walled, peak force,

crashworthiness

1. Introduction

Thin-walled structures are widely utilized in
automotive engineering due to their favorable energy
absorption and low mass characteristics'?. Implementing
this structure in such conditions is beneficial for both
energy efficiency and safety perspective. The thin-walled
structure provides a lightweight, related to the low energy
consumption, and gives better safety with its incredible
energy absorption simultaneously. On the vehicle
configuration, the crumple zone is the most common area
in a vehicle that utilizes thin-walled technology. This is
the zone where the structure of a car should be crumpled
during the crash to minimize the injuries both for the
driver and pedestrians®.

A Crumple zone is typically placed in two areas, the
front, and the back of a vehicle, and both are supposed to
reduce the impact energy during the crash. This section
has many components, such as a fascia, bumper, crash
boxes, subframes, longitudinal beams, upper rails, etc.
Compared to the other parts, the crash box plays a
substantial role as the structure is dedicated to being an

energy-absorbing member of the vehicle due to collision
in the event of a crash®. The crash box structure as a
vehicle passive safety system is expected to absorb kinetic
energy in frontal crashes, maintain the vehicle
deceleration at a safe limit, and decrease the chance of
injury to the vehicle's passenger during collision®.

The crash box structure study encompasses many
aspects and approaches but mainly contributes to
crashworthiness. One The crash box design is one of the
most concerning topics®. Bathe et al.” analyzed advances
in crash investigation, specifically in crash box design.
Strengthened by the inquiry by Liu® on crash box design
optimization and crashworthiness analysis has reinforced
the importance of enabling crash box designs to
effectively absorb impact forces through a crumpled
structure, highlighting the significant contribution of
various designs to the performance of energy-absorbing
devices.

Various thin-wall structures, such as cylindrical, square,
conical, and hat-sectional beams, have been observed and
compared to understand the plastic deformation behavior
and how good their performance as an energy-absorbing
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device in a vehicle* ?). Some of the previous research has
scrutinized the roles of dimension and thickness of thin-
wall structure in crash behavior® !9, and others observed
the crash box design configurations under different
parameters, such as fillers'! 12, multi-cell, and hybrid * 9.
One of the most popular shapes with various forms is a
circular-inspired design. The circular shape is believed to
have a suitable energy absorption property as it has been
investigated in its material'® and its design'¥.

According to the literature, a cylindrical crash box
structure offers a significant result as it has a better
crashworthiness  property, thereby possessing the
considerable potential to be an energy-absorbing structure
in vehicle engineering. While substantial works have been
performed to design novel tubal configurations, these
previous studies were still incomplete without analyzing
the effect of the position of each circular tube and other
closest potential designs, such as spiral shape, as the
optimized design from these circular tubes, especially in
low-speed parameters. When using more than one thin
cylindrical wall, each tube's position and connection can
generate different patterns and or mechanical properties.
This is crucial to be observed since the thin-walled design
notably impacts the energy-absorbing ability'>!”.

The variation of circle design should be carefully
observed; one of the most popular cylindrical-related
designs is a spiral-based design inspired by nature life,
albuca spiralis plant, as seen in Figure 1. Biological
structures have matured remarkable properties and
innovative designs through millions of years of evolution
and natural selection'®. Spiral-based design is believed to
be one of the most promising designs for energy-
absorbing devices. Several studies showed that using
spiral-based thin-walled structures could improve energy-
absorbing performance'® 2,

Fig. 1: Albuca spiralis plant.

In this paper, a simulation study of the crash box in axial
loading conditions is observed using F.E.M. (Finite
Element Method) software as this study aimed to provide
the crash box performance of three different circular
configuration forms and then optimized by bionic spiral-
based structures. F.E.M. is commonly used for many
applications to discover the behavior of a system and
structure?” and offers a straightforward approach at

almost no cost??. This simulation approach is also able to
validate the structural design integrity?®, to calculate the
stress-strain distribution easier than the experimental 24"
and to increase the accuracy of the result®®. Therefore, an
F.E.M. analysis is used in this work to predict the
performance of the crash box design. For achieving better
performance, peak force reduction and buckling behavior
analysis are the primary concerns of this work. The S.E.A.
(Specific Energy Absorption) and the P.F. (Peak Force) are
considered in this study as the top-notch standard for
topology enhancement. The numerical simulation focuses
on comparing the response of various circle configuration
forms, which are concentric circle, tangent circle, and
half-balanced circle thin-walled, compared to the spiral-
based thin-walled structure as an optimization of the
previous designs under quasi-static axial loading
situations.

2. Material Properties and Crashworthiness
Criteria

Steel and aluminum are the most common materials
employed as a crash box since both offer a considerable
performance to absorb the impact energy during the crash.
The mechanical properties of both materials can be found
in Table 1. This impact-absorbing ability is pivotal for a
crash box to absorb the kinetic energy during the collision
to avoid fatal injuries for occupants and pedestrians. This
qualification is known as crashworthiness. Almost every
transportation mode uses this technology for optimizing
their safety design, i.e., aircraft?® 27, railways**3%, and
automobiles® 3133, To meet the crashworthiness criteria,
intense studies and analyses must be carried out carefully.
Both computerized simulation and actual tests are
commonly used in crashworthiness analysis. Critical
points such as the deformation behavior of vehicle
structure, vehicle acceleration before and at the moment
of a crash, and the ability to prevent further injuries using
a dummy human body are the pivot criteria in
crashworthiness study®¥. In mechanical analysis, speed,
mass, design, and material properties of vehicles and
components are among the important parameters that need
to be observed profoundly. These following criteria are
utilized to formulate not only optimum design but also
testing methods as well as to create an ideal condition of
the safety transportation.

Table 1. Mechanical properties of aluminum and steel.

Aluminum | Steel
Density (kg/m?) 2700 7830
Elastic Modulus (MPa) 70.3 210
Yield Stress (MPa) 125 250
Ultimate Strength (Mpa) 275 360
Poisson's ratio 0.3 0.3
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2.1 Energy Absorption (E.A.)

Energy absorption is the area below the load-
displacement curve which comprehend and asses the
structure crushing conditions during the collision, which
may be expressed as:

EA() = [ f(x)dx (1)

Axial impact force is defined by f(x) Which rely on
displacement (x) At the time of the collision, d
represents the net deformation distance of the structure
used in this work.

2.2 Specific Energy Absorption (S.E.A.)

S.E.A. is the total energy absorbed per structure mass;
its unit is kJ/kg. This is important to compare the
structure's ability to absorb energy, given as:

SEA(d) = ©)

EA(d) _ fgf(x)dx
m - m
2.3 Mean Crushing Force (M.C.F.)

M.C.F. is gained by dividing the energy absorbed by
the total effective deformation and expressed as:

EA(d) _ & Foax
a d

MCF = 3)

2.4 Initial Peak Crushing Force (I.P.C.F.)

When crash box tubes at the beginning reach a peak
point, known as I.P.C.F., then a drop is seen, and after that,
waves are shaped in the bottom level under axial
compression loading until densification. As an essential
factor, it may trigger a danger when the initial peak force
is exorbitantly maximum?>. Hence, this I.P.C.F. should be
kept in a safe area for safety purposes.

3. Finite Element Modeling

The finite element (F.E.) is among the most popular
tools in crash analysis for transportation due to its ability
to offer a less budget and a convenient approach to
investigate any physical damage that occurs during the
collision. Some studies used this numerical simulation for

Upper plate
l 10 mph
Bottom plate
Fig. 2: Finite Element model and boundary conditions.
analyzing the vehicle frame3® 37, engine hood*®), and crash
box3>*?) of a vehicle. In crash box cases, F.E. is usually

employed to investigate the peak force, structure behavior,
and stress location during the crash. To generate an

accurate and credible result, every parameter used in the
simulation should be well-prepared and designed as near
as possible to the actual conditions. Thus, this simulation's
models and boundary conditions are based on the real
application of a vehicle crash box as seen in Figure 2.
The crash box is positioned between two rigid plates;
the bottom plate represents the vehicle bumper/ structure,
and the upper plate is a movable plate that serves as a crash
object. The lower part of the crash box was fixed to the
bottom plate by employing ENCASTRE, and the upper
plate, as the crash object was, kept moving only in the z
direction to hit the crash box. A low-speed crash scenario
was employed in this study, simulating a speed of 10 mph.
According to the Florida Highway Safety and Motor
Vehicles (FHSMV) low-speed car crashes are defined as
crashes when all vehicles involved are traveling between
1 and 10 Mph. The material properties of steel and
aluminum are adopted as the mechanical input data for the
crash box in this study, as both are among the most

common materials used for a crash box*).

3.1 Mesh Convergence Test of Thin-walled Geometry

Mesh generation is the initial step in performing a
simulation*¥. To produce an accurate simulation, mesh
independent test is one of the most overlooked issues in
computational mechanics to ensure that the simulation
results are not affected by changes in the mesh size. It is
also pivotal to determine the best mesh condition to be
used in study*¥. Five different mesh sizes are performed
in this work which are 6 x 6mm, 3 x 3mm, 1.5 x1.5mm,
0.75 x 0.75mm, and 0.375 x 0.375mm. In this case, to
perform the mesh convergence test, displacement versus
time was performed to find out the preferable mesh size
can be used in this study, as shown in Figure 3.

35.3mm 35.9mm

36.4mm

d e
Fig. 3: Mesh independence test results for various meshing
sizes, (a) 6x6mm, (b) 3x3mm, (¢) 1.5x1.5mm, (d)
0.75x0.75mm, (e) 0.375x0.375mm.
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Fig. 4: Displacement vs time of various mesh sizing.

From Figure 4, it can be concluded that the mesh size
of 0.75x0.75mm has a slight difference of only 0.89%
(lower than 1%) from the mesh size of 0.375x0.75mm.
Thus, we can assume that the mesh size of 0.75x0.75mm
is relevant for all models in this simulation study.

3.2 Material Comparison

In this study, four cylindrical configurations were
examined: concentric circle, tangent circle, half-balanced
circle, and a spiral-based circle. Each configuration
consisted of four circle tubes with varying dimensions,
while the spiral circle featured four loops. The primary
focus was on comparing the performance of steel and
aluminum materials in the concentric circle design,
considering factors such as weight, peak force, and energy
absorption ability. Figure 5 illustrates the design of the
concentric circle, which served as the base design for this
investigation.

In Figure 6, CCST (Concentric Circle Steel) and CCAL
(Concentric Circle Aluminum) were investigated under
the same boundary conditions.

Fig. 5: Concentric circle shape
CCST

CCAL

a b
Fig. 6: Concentric circle after low-speed crash; (a) steel, (b)
aluminum.

——CCAL
———CCST

Force (kN)

0 20 40 60
Dislpacement (mm)

Fig. 7: Force-displacement graph of CCST and CCAL.

Figure 7 illustrates that the aluminum-based crash box
exhibits a significant reduction in peak force compared to
the steel crash box, with a remarkable difference of over
60%. Moreover, the concentric circle configuration with
aluminum material (CCAL) demonstrates superior
energy-absorbing performance, absorbing 3.11 kJ of
energy, whereas the other variations can only absorb 2.45
kJ during low-speed collisions. In terms of weight, CCAL
stands out with a mere total weight of 0.36 kg. Conversely,
the steel-based crash box weighs three times as much as
CCAL, exceeding 1 kg in total. Based on these findings,
aluminum was selected as the primary material for further
investigation in this study.

3.3 Design Optimization

The performance of a crash box heavily relies on its
design, making it a crucial aspect to optimize *. In this
study, the base concentric circle design was the focal point,
with an exploration of tangent circles, half-balanced
circles, and spiral circles. The tangent circle (T.C.) design
took inspiration from a straight line intersecting the circle
at a single point, leading to the configuration of each circle
accordingly. The half-balanced circle (H.C.) design
involved arranging the outer circle (C1) and the third inner
circle (C3) concentrically, while positioning the second
circle (C2) and fourth circle (C4) tangentially, as
illustrated in Figure 8b. The final design, the spiral circle
(S.C.), showcased in Figure 8c, retained the dimensional
inspiration from the concentric base circle but introduced
connected circles arranged in loops (L1-L4). Optimization
through these different circle configurations aimed to
enhance the crash box's overall performance.

N i -
e - i Tl ) 1) 12 11
| A
. —
a b c

Fig. 8: Optimized crash box design; (a) tangent circle, (b)
half-balanced circle, (c) spiral circle.
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Table 2. Crushing characteristic of concentric, tangent, half-balanced, and spiral circle under low-speed crash.

Design Weight (kg) | disp. (mm) | IPCF (kN) MCF (kN) EA (kJ) SEA (kJ/kg)
Concentric circle 0.36 40.2 117.42 0.07 3.11 8.63
Tangent circle 0.36 39.9 118.63 0.07 3 8.6
Half-balanced circle 0.36 40.2 120 0.07 3.13 8.69
Spiral circle 0.36 387 118.42 0.08 3.33 9.15

a b c
Fig. 9: Optimized design after low-speed crash conditions
of(a) T.C., (b) H.C., and (¢) S.C.

The impact test results are depicted in Figure 9,
showcasing the conditions of the top and side crash boxes.
Table 2 presents notable findings, indicating that the spiral
circle design outperforms other designs in terms of energy
absorption, with an impressive rate of 9.15 kJ per 1 kg of
the structure. Additionally, the spiral circle design exhibits
a lower peak force compared to the tangent and half-
balanced structures. It is only 0.1 kN higher than the
concentric circle design but offers the same weight and
higher energy absorption. Based on these compelling data,
the spiral-based thin-walled design proves to be
significantly superior to the other variants in terms of
crashworthiness performance.

4. Conclusions

The primary objective of this paper was to identify an
optimal material and design for a vehicle's crash box. In
this pursuit, steel and aluminum, commonly used
materials in the crash box industry, were tested in a
concentric circle design to evaluate their respective
performance. Comparing the results with a steel crash box,
the aluminum-based crash box demonstrated a remarkable
reduction of over 60% in peak force. Additionally, the
Concentric Circle Aluminum (CCAL) design exhibited
superior energy absorption capacity, absorbing 3.11 kJ
during low-speed impacts, in contrast to the Concentric
Circle Steel (CCST) design, which could only absorb 2.45
kJ. Furthermore, CCAL weighed a mere 0.36 kg, while the
steel-based crash box was more than three times heavier,
surpassing 1 kg. These findings led to the selection of

aluminum as the material for further design optimization
in this study.

Considering crashworthiness, material alone does not
suffice as a determining factor. Thus, various circular
variations were explored as part of an optimization
approach. The investigation focused on tangent, half-
balanced, and spiral circles as enhancement designs. The
results revealed that the spiral circle design showcased
superior energy absorption capabilities, absorbing 9.15 kJ
per kilogram of the structure in low-speed impact tests
conducted under identical dimensions and crash
conditions. Moreover, the peak force of the spiral circle
design was only 0.1 kN higher than that of the concentric
circle design, despite having the same weight and
exhibiting higher energy absorption. Based on these
compelling findings, the bionic-inspired spiral structure,
inspired by the albuca spiralis, emerged as the clear
frontrunner among the available options.
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