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ABSTRACT

The development of efficient energy absorption systems has become an important necessity to increase
occupant safety and protect cargo.from accidents. Energy absorbers play a vital role in reducing structural
damage by dissipating kinetic energy. through plastic deformation. The performance of these absorbers is
strongly influenced by geometricishape. In this study, the effect of functionally geometric design on the
performance of a porous aluminum cubic_absorber has been investigated. The main evaluation criteria were
total and specific absorbed energy. First, the validity of the finite element model was confirmed by comparing
the simulation results and experimental tests. Then, the behavior of geometric designs with different porosity
patterns was analyzed numerically by"DOE. The results show that the creation of porosity allows for the
adjustment and control of the collapse behavior, such that the distribution of porosity has a significant effect on
the force-displacement curve, total and specificiabsorbed energy, and the initial collapse force of the adsorbent.
For example, in an initial diameter of 3 mm and a coefficient of variation of 1.2, porosity can reduce the mass
and energy absorption of the adsorbent and the initial‘collapse force by about 17, 26, and 25%, respectively.
Accordingly, these findings provide a path for the geometric optimization of porous adsorbents in a functionally

scaled manner to simultaneously achieve high energy absorption capacity and lower initial collapse force.
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1. Introduction

In recent years, research on energy absorbers has
increased significantly in order to reduce human and
financial losses caused by accidents. An energy
absorberwis a system that converts Kinetic energy
resulting from the velocity of a system into other types
of energy. So far, researchers have completed many
studies on"various types of energy absorbers with
porous’ structures ‘[1-5]. However, studies on energy
absorbers with a porous cubic structure with a
functionally graded geometry, which is considered in
this study, have been very limited. On the other hand,
determining‘the effect of various parameters, including
the geometric ‘shape of engineering systems, on their
performance is of.greatiimportance [6]. Based on the
study conducted by the authors, little research has been
conducted so far in the field of analyzing and studying
cubic absorbers with gradient structures. For this
purpose, the present study aims to design an aluminum
cubic absorber with functionally” targeted holes. The
holes embedded in the absorber were designed and
created in a gradient manner. In other words, the
diameter of each hole and the distance between the
centers of each hole in the absorber are different in
different positions. Therefore, the density and energy
absorption capacity of the impact absorber depend on
the distance from the initial impact location and,
therefore, vary. The purpose of drilling is to use the
least amount of material in the construction of the
energy absorber with the greatest amount of energy
absorption, and at the same time achieve the lowest
initial collapse force. To validate the modeling and
analysis of the problem performed numerically, a
sample of the impact absorber was designed and
manufactured, and after comparing the results obtained
experimentally and numerically and confirming them,
modeling and analysis of a larger number of absorbers
were performed. Next, with the help of the experimental
design method (DoE) and using the results of the
analyses, predictions were made on how the adsorbent
would behave under different porosity conditions.

2. Methodology

In this research, an attempt has been made to investigate
the energy absorption for a porous cubic energy
absorber. Accordingly, a cubic absorber was first made
as shown in Figure 1. In the sample studied, the
diameter of the holes is 6 mm, and the distance between
the centers of the holes is 10 mm.

The produced sample was evaluated for pressure
testing. In this test, the maximum force applied to the

sample and the maximum strain were obtained as values
presented in Table 1.
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Figure 1. Modeling the arrangement of hAoIes on the
absorber, b) Cubic absorber made after creating holes

Table 1- Results of simple pressure test on cubic

adsorber
Specific Absorbed Maxw_num Maximum
absorbed applied .
energy displacement
energy Q) force (mm)
(J/kg) (kN)
18095.61 4580 450.077 12.7652

After conducting the experimental test and obtaining
thesresults, the problem analysis was carried out to
calculate the absorbed energy of the absorber for
different.geometric samples with different sizes and
placements of holes on the shock absorber surface,
using/the finite element method. Figure 2 shows a
comparison-between the force-displacement diagram of
the sample presented in Figure 1 using the experimental
test and the finite element method. As can be seen, these
diagrams are in“good.agreement with each other, and
therefore, the accuracy of the finite element method can
be confirmed.
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Figure 2 - Comparison of force-displacement diagrams of
the absorber



According to the results obtained from the experimental
test, numerical simulation, and the verification of the
results, the design of experiments based on the full
factorial method has been used to investigate the
parameters affecting the collapse of the absorber.
Considering the constant material and overall
dimensions’ of the absorber, the variables of diameter
and arrangement should be investigated to find different
models«For this purpose, first two variables, do and k,
were defined, where do is the diameter of the holes of
the first row, and k is'the ratio of the change of the holes
of the next row to the,previous row. The resulting
relationship_ for finding the diameter of the holes of each
level can be defined as<a sequence with equation (1),
where d; is the diameter.of the holes of the nth row.

d, =kxd,_, @

3. Discussion and Results

After determining the different levelsof “design
parameters, modeling and analysis of.all cases \were
performed, and the energy absorbed by the adsorber in
all samples was obtained. Figures 3, 4,5, and6 show
the force-displacement diagrams for different dO and k.
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Figure 3- Force-displacement diagram with do=3 and
coefficients k
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Figure 4- Force-displacement diagram with do=5 and
coefficients k
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Figure 5- Force-displacement diagram with do=7
and coefficients k
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Figure 6- Force-displacement diagram with do=9 and
coefficients k

As_is“clear from the diagrams, for a given do, with
decreasing k, the area under the curve, which is the
absorbed energy, increases. In this case, the holes
become _smaller and the weight of the material
increases. In other words, the porosity of the sample
becomes smaller.and more force is required to crush it.

For a specific dg;" by increasing k due to the larger
diameter of the holes and consequently the increase in
the percentage‘absorbersporosity and weight reduction,
the absorbed energy“decreases. In the case where the
initial hole diameter is 3 mm, the energy reduction for
different change coefficients was calculated to be about
26 percent. The important point is that inithis case, the
initial collapse force has also decreased by about 25
percent. On the other hand, for a specific. change
coefficient k, with an increase. in the initial hole
diameter, the energy absorbed by the jabsorber has
decreased. The amount of this decrease/is in the‘case
where the change coefficient k is 0.8, and the initial hole
diameter has increased from 3 mm to 9 mm; the amount
of absorbed energy has decreased by about 54 percent.
In this case, it should also be noted that the amount of
the initial collapse force shows a decrease of about 72
percent. The important point is that in both cases above,
the force required to change the shape of the absorber



and also the amount of mass of the absorber have
decreased, which is desirable. By making the adsorbent
porous, these two factors can be exploited, and a
compromise can be established between the initial
collapse force and the amount of energy of the adsorber
and its mass.

In this study, the design of experiments method was
used to investigate the effect of independent parameters
on dependent parameters and predict the behavior of the
adsorber. The regression equation for the specific
surface energy function‘in joules per square meter (Ea)
was obtained_based.on the input parameters as equation

).

E, = —7.85359 + 2411969k + 14097754,
~10.1795 k? —1.88214kd, — 0,0682779d;

@

4. Conclusions

This study investigated the behavior of absorbers with
functionally graded geometrys and analyzed the
parameters affecting energy absorption in absorbers
made of aluminum alloy. In the first'step, the accuracy
of numerical modeling using the finite element‘method
was confirmed by comparison with experimental tests.
In the next step, the levels of design variables were
determined by applying a full factorial design using the
design of experiments method. Then, all possible cases
were analyzed using finite element simulation, and the
effect of two key parameters, namely the hole
arrangement pattern and the change in their diameter,
was evaluated. The findings show that increasing the
coefficient of variation (k), which leads to a larger hole
diameter, an increase in the porosity percentage, and a
decrease in weight, reduces the absorbed energy. Also,
increasing the initial diameter of the holes has a
reducing effect on the amount of energy absorption.
Based on the results, the effect of the initial diameter on
energy absorption is more pronounced than the
coefficient of variation. On the other hand, increasing
both of these parameters leads to a significant reduction
in the initial collapse force. These observations indicate
that by optimizing these variables, it is possible to
design absorbers with lower weight and higher energy

absorption efficiency. As a future research direction, it
is suggested to study the simultaneous effect of these
parameters with other geometric factors, such as the
spacing and arrangement of holes and the strain rate, as
well as the use of more advanced finite element models.
Also, validating the results with experimental tests with
more complex geometries can be an effective step
towards the practical development of this type of energy
absorbers.
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Figure 1- a) Modeling the arrangement of holes on the absorber, b) Cubic absorber made after creating holes
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Figure 2- 300 Joule tensile testing machine (SIT-300E) to determine the mechanical properties of the workpiece
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Figure 3 - The geometric shape of the absorber after plastic deformation



Table 1- Results of simple pressure test on cubic adsorber
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Figure 4 - Force-displacement diagram of the absorber in the pressure test
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Figure 5- Simulated model of the adsorber using the finite element method



Table 2- Mechanical properties of aluminum alloy used in the absorber
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Figure 6 - Force-displacement diagram using the finite element method
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Figure 7 - Crushing shape and stress distribution of the absorber after applying force by finite element method
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Figure 8 - Comparison of force-displacement diagrams of the absorber with experimental and finite element methods
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Table 3- Absorbed energy of the absorber by the finite element and experimental methods, and the relative error
percentage of the finite element method

Sguzme olodl gy (o (sl oy 9 (235 9 dgume ledl gy 90 A Aigespuh L (g5l polie —F Jgu

& Sguzxo ylodl

AIYY TOA-NY fa0a/sv

2 Fse oyl sw)p Caz @S (e Cono 5 s3ae Gledd 5 025 Glalojl el Cand Tl 4 a5l
5 omes onl 5o Sglite cwiin slaJSh b il L8, mn 5 (oml gye oogiesl] (oS pS Ao (S5 8
S 2 Sl i o3l g gl peite 1 sige lyeiie syl Il shite cpl gl ool ot oolitasl Lisleyl b L34
S35 2 Bl ysm Lz 0956 g lagl g yhad (54 10 slal (i sla paie a8 S plonil (gl )y bl 090 Taseiie
L) Gz 0555 5 Jhad8 sl pitie Gl (oo xS ape (IS Sl g iz 05 Sl @ az g b g Wl (e 25U s
laglyg k8 Go a5 wd oy pai Koo do yeie 5o Tl SIS cnl gl ool S8 2 0590 glite glaue (23l



2 glogl g shad (28l (gl alol> abul, adlice 8 @) 4 Cond (g @) Gloglygw il Coni K g Sl s,
ol 1 i, Lo 1 Ty 45 3905 iy () e, U a0l &0 &1 ol | e

d —kxd_, )
b o i8S i )0 S 5l 2SasS ST g 5o 25,5 sl 8y lagh g Sl il Sl i K a8 (50,0
Dl owsin (b lo e jodS polan T Jgax o0l daleS 35565 o (rren 4 sum layha )5 gl g
ol o 4l S o556 o, sl

Table 4. Levels of change of the design variables of the absorber
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Figure 9 Geometric characteristics of the absorber with do=3 and k=1.2
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Figure 10 - Geometric characteristics of the absorber with do=7 and k=0.8
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Figure 11 - Geometric characteristics of the absorber with do=9 and k=1.0
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Figure 12- Force-displacement diagram with do=3 and coefficients k
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Figure 13- Force-displacement diagram with do=5 and coefficients k
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Figure 14- Force-displacement.diagram with do=7 and coefficients k
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Figure 15- Force-displacement diagram with do=9 and coefficients K
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Table 5- Absorbed energy of different samples in Joules
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Figure 16 - Percentage change in absorbed energy for different values_ of the coefficient of variation and at a constant
initial diameter
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Table 6 - Energy per unit area of different samples in j/mm?
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Figure 17 — Percentage reduction in adsorber mass for different values of the coefficient k and at a constant initial
diameter
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Table 7 - Analysis of variance data for the Ea
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Figure 18- Residual plots for Ea
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Design of Cubic Energy Absorber with Functionally
Graded Geometry for progressive-functional
performance
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ABSTRACT

Nowadays, with the increasing number of vehicles and their high speeds, it is very important to protect passengers
and goods inside them by designing energy absorbers with high reliability during accidents. Energy absorbers prevent
major damage to the vehicle body by absorbing the kinetic energy through plastic deformation and crushing. Material
and geometric shape are the most/impaortant factors in the performance of energy absorbers. In this study, the effect of
smart functionally geometric designs of the porous cubic absorber has been investigated. The main criteria are the total
and specific energy absorbed. At first, bys€omparing the results of the simulated model using the finite element method
with experimental tests, the results are validated. Then, by applying the design of experiments method, the analysis of
different geometric shapes on their behavior was performed. The results obtained show that the amount and shape of
porosity have a significant effect on the overall performance of the total and specific energy, and initial collapse force.
For example, in the case with an initial diameter of 3 mm and a change parameter of 1.2, functionally geometric can be
reduced by 17, 26, and 25 percent mass, total energy; and initial collapse force, respectively. Therefore, the amount and
functional shape of porosity have a significant effect on‘the overall.performance of the adsorbent for low initial collapse
force and high capacity of absorbent energy.

KEYWORDS
Energy Absorber, Finite Element Method, Functionally<Graded Geometry, Full Factorial
Method, Smart Geometry.
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