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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 geometric shape. 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 specific
absorbed 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
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manner to simultaneously achieve high energy absorption capacity and lower initial collapse force.

1- Introduction

Inrecent years, research on energy absorbers has increased
significantly in order to reduce human and financial losses
caused by accidents. An energy absorber is 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 great importance [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
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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
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Fig. 1. Modeling the arrangement of holes on the ab-
sorber, b) Cubic absorber made after creating holes.

Table 1. Results of simple pressure test on cubic ad-

sorber.
Specific Absorbed Max1rpum Maximum
absorbed applied .
energy displacement
energy ) force (mm)
(kg (kN)
18095.61 4580 450.077 12.7652

maximum strain were obtained as values presented in Table
1.

After conducting the experimental test and obtaining the
results, 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.

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, d, and
k, were defined, where d, is the diameter of the holes of the
first row, and £ 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.
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Fig. 2. Comparison of force-displacement diagrams of
the absorber.
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Fig. 3. Force-displacement diagram with d0=3 and coef-
ficients k.
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3- Discussion and Results

After determining the different levels of 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, and 6 show the force-displacement diagrams
for different dO and k.

As is clear from the diagrams, for a given d,, 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 d, by increasing k due to the larger diameter
of the holes and consequently the increase in the percentage
absorber porosity 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
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Fig. 5. Force-displacement diagram with d0=7 and coef-
ficients k.

was calculated to be about 26 percent. The important point is
that in this case, the initial collapse force has also decreased
by about 25 percent. On the other hand, for a specific change
coefficient &, with an increase in the initial hole diameter, the
energy absorbed by the absorber 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 (£,) was obtained
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Fig. 6. Comparison of force-displacement diagrams of
the absorber.

based on the input parameters as equation (2).

E, =-7.85359+424.1969k +1.99775d,

—10.1795 k* —1.88214kd, —0.0682779d; @
4- Conclusions
This study investigated the behavior of absorbers with
functionally graded geometry 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.

1145


https://dx.doi.org/10.22060/mej.2026.24896.7907

A. Hassanabadi et al., Amirkabir J. Mech. Eng., 57(9) (2025) 1143-1164, DOI: 10.22060/me;j.2026.24896.7907

References

[1]M. Mahbod, M. Asgari, C. Mittelstedt, Architected
functionally graded porous lattice structures for
optimized elastic-plastic behavior, Journal of Materials:
Design and Applications, 234(8) (2020) 1099-1116.

[2] A. M. Zanganeh, S.G. Khiavi, B. Mohammad Sadeghi,
M. Divandari, Numerical study of the effect of geometric
parameters on compressive mechanical properties
of metallic lattice cylinders, Journal of Mechanical
Engineering Science, 236(10) (2021) 5484-5494.

[3]1J. Song, M. Wang, D. Li, J. Zhang, Deformation and
Energy Absorption Performance of Functionally Graded
TPMS Structures Fabricated by Selective Laser Melting,
Applied Science, 14(5) 2024, 2064.

1146

[4] A. Mohammadi, M. Sheikhi Azgandi, S. Rahnama,
Designing of conical energy absorber with internal
pressure by enhanced vibrating particle system algorithm,
Iranian Journal of Materials Forming, 12(2) (2025) 29-
41.

[5]H. Wang, Y. Fu, M. M. Su, and H. Hao, Fabrication
and compression investigation of the ordered porous
aluminum with cubic pores, Materials Science Forum,
93 (2018) 97-105.

[6] M. Sheikhi Azqandi, M. Hassanzadeh, First-and second-
order sensitivity analysis of finite element models using

extended complex variables method. Archive of Applied
Mechanics, 91 (2021): 4263-4277, 2021.


https://dx.doi.org/10.22060/mej.2026.24896.7907

75 ool SlSo (owigee g pui

WEF B AVVEY loao VP F Lo A o)lad DY 653 ¢ el il igee 455
DOI: 10.22060/mej.2026.24896.7907

§255 5= y35 3y 8os 5l (2 E oo dwkid b (S (5551 D3> (2 b

el I NC S )fbb Cywxo ¢ dﬂ{i&*@ e

u‘):l PRVC WAV ol&Kaiily Wb 04l ‘L_iulg\n (oW 09;

18991 4y )b

VE ¥/ VIV bl
VNIV 10,5550
RAZANVALER IS
VEF/AY/ Y 1 DT sl

15 Clols
$ipl e
dgi0e Glodl (12,
=z e odle
Jo ele g,

Nadid dwlid

S s wldnla ply b 5l cdablons 5 s o oal il 53] (sl 655 e 2elylS ladilobes dmasg 05 pel tA WS
P Sl A8 0 S Sty S8 i 35l i (55 I (655 Slaole al 0 o oo 95
imod oyl el Ol kit sl yial )l 306 Cos s 4 il ol 5 Slas S o o] (lojl slacuw] ials
sl 005 )1 1B )00 duskin b potrogl] ST iz | J5ioite ooxSo 3l S 5 Shas  dlodin oin Sy 30
ohalojl g (5l gl duglio b agame (glin] Jao el lazl lodgs o329 5 (IS 00 ol (6551 (bl (bl (sloylons
e Sy 4y glite 555 slagS by ki slog b 18, (ialojl (2L gy S S 4 L e 03,5 206 025
T3P (RS & (IS 4 S (o0 wrl 8 1) (019,88 Sy ISl SIS sl & dim e (Lt gl a8 Jelos
2> O3l adsl (552)9,8 G956 e 9 09 5 (IS 08 e (5551 e plomlamg i (S5t (g )bline 3 (IS5
S22 VO V7 W dgas ials cacly o o Wl oo JSISS MYy oy g yiaddee Vel Jlad o 3 diged lgie

Sl pwdin (loainn (gly (g pme Bl cpl bl (ol 25 adgl (B5059)8 (598 9 > 3 Gl g

A3 go )| a8 adgl (5305953 (S99 YU (55l e cud )b 4y lojen liwd Caa al z)te Ojgo 4 Sl

3555 &Y slaodly dnalonts Moy b dnbogd 5 g & e
oLl s sladls 5 posh o ol yl (il i
858 el glgl oy poad ploul cldllas I (golaws aslsl j3 5 )8
sl 4835 )13 (g2 390
Sl ol 5 SKemdly JS5 st [V] oliSan 5 it
Ohoy b osd asle JBg (ch)S slaoyis b agiedll pod (s)ltd
5 e sla gy adllae cpl jd 5ol 1wy 3y5e 1y ,I0aSSlas
B by g baojis laial 5 plaie @iy U b))l Cue (220
8y g )5 )5 oslital 3y90 ond wlu pod (Sl ol
oxlatwl by aoyis plaiol g plaie mje8 <l 93 53 odle  SNgdcou
Ol el Cusday (Sl (oIS oy )5 gy (2% @l )
3l glite ok 45 olapsd plaiel (cladiges Suz¥lid, a5 s

Sy S olsd ol sladiged oo ol b wSlosds

1. Frusta
2. Strut

Aodlo -
F gl )by adis alawg ) cblis 5 Glatiyw Gl Cutel 059l
b ye ol s Llws olaws Liol38l bl joyes 0 oYL Cuenl
s Jls > Jds e & g oo (6D Hlaw )l 4 oo
Sl o lus yials jolaio 4y (655 ldls o)l Glibss 3l
Gl DAl dnisly (g S e il clslay 3l Sk b g
1y s 3 53 0y (8813 51 8 iz (5551 48 o] s
Lz e 5l ol b Slpts S oo s 551 S gl
StV G55 (5551 ke piocaiSy IS5 s Jols cilizen g,
pbeuS y S s b g pdaeSTy Yl jo ,Lid sbgl clisls (o
&5 ol il e slasl Sy S8 505 gl 5L 3580 (6550 Ao
Onie g o8 Ojg ey caal cubl wesls caus 4 Bl s Ll

Mojtabasheikhi@birjand.ac.ir :oslSe sosge oding ™

(Creative Commons License) _edpe (Sl ule cov dlio cpl ol oad odly pu pal oSty @)l & 156 Gois 5 (Bsimng 4 cuilpe Goi>
BY NC

Asleyd s https:/www.creativecommons.org/licenses/by-nc/4.0/legalcode sl jl (uilud ol Slija (sl ool 48,5 )5 las yoy2ud )


https://dx.doi.org/10.22060/mej.2026.24896.7907
https://orcid.org/0000-0002-7165-0591
https://orcid.org/0000-0001-5102-1010
https://www.creativecommons.org/licenses/by-nc/4.0/legalcode

slacds g colbs Jols awtin la IS5 b owinogl] 5WT (claslganl
NRley 5l odlsl b el (5 &5 b yltd (A cod ) il
AR & ey sl |y el g cualies o ine g 00l plosl ugs
il W) aled iS plSoil 4y oo gy (ke 9 55 2l

oS5 L 5 sk (ogisogl] (slopsd 1) [A] )y Sem 51250
slopgd jhd sy 15 oy p 3j90 |y 4ps Sl cod glite Bl L
45,5 Ly e Lo £ 90 F cuiy 4 US6 g USS USH  eguinesl
@4l pe Culin Caepw g pSOlS o e b syl il o
OL Siludnnd (pl @l )8 3y p il JodSS slal L slapgd
Py Grbe $9x8 g (LS S8 30 S > USS pgb 4ol
0329 (e 9 o SRl (ppiman S JoS 500 Jae 93 b el
ko 35 cdls cpl p b e it aiges ;500 b awslie jd 5 )
5 e il g el 0 8,8 a5 3 S1giSy o)l L o
Cawl 0345

@) le (SSle )8, (025 oyp 4 [A] ghlen 5 )kl
o] 13y CSetlin o b 0] o agS1S g )8 0 sunSio
OlFie oiin S5 2ol g (0 (oge b &S Wy xS ol @
D905 dbul adiges ) |y oSl sl (9 35,5 sl S puss <ol
Gla Jube e dagl > CEIES (555l @l ogMle a3
Sl alielly g5,

Sl Gladwrin b (5l Odls gy p 4 [Ve] o e g SSbs
Ssxp 5 SiFl @l S8 o b g washy sl fBlas
laodles 8 Sius e ol 4 o] 5L, plrsl s 1y gl 25593
Sl (I3l sl ) s ptae SIS jeS 0928 Ml o0 (B9 slaylis o b
@ Ol > gl (S50 S9588 ol oM S dbml (55l
8l (6 390 (EalS Lol yen Ml oo (MU 2yde )90

Oty Sl gl pS 4,5 ae (2Ll W] ohlSes 5 Glore
B Hlid cou glate slacobus g Jlad fold wiis lasuie 4
sl 48wzl s oyl Lol J13 )y p 3y90 1y Sloj SIS g, b
ogMe 350 Y 1) O3l (651 Gl cubilB w3 Ye dgas Wil o o515
D O3l sl (512598 (595 slake GRS (gute 13U Cnl

Sl (5l Gl il glo )l 5TWY] olan o i3
bl i Job g (ol (slajlud gl slol )3 (B2 3929 Jali (sl

N3 oap 90y (S 095 2 L gly 5 @3 o)l )3 0 i

b dwlio o lid cov bl (50 Ols el Jg wisly (L e
Dy oS plate (gladiges

TIOAIAV 5UT 5 58y 5 JSS i [Y] o San 5 lgunsy
Ol 53 I8 (g 3y90 1y (Sl g (Sualias Jb cod Sl
el el 45 350 Gl cle 4 o) &5 S jasiie
ot 80 a5 JSS 5 @8 cnl 2 0gMe D90 23l plSonil
B, o dlge CunSs H8, 5 JSS pus o

oiedl] xSo B> 93 (225 5 (5308 (yp 4 [V] by

Ehgw Ca 93 2 503 9 Cur K bl ol I (S sy
9 3 1) (6555 9 X Homme sbiwly o ) caSe G gl Dy 0l (5,8
Uh9y 90 4 doldl )3 5503 2wl LSy jlad 4y sl LY 9 X sl
oS Bla bl yd 69,5 Linlojl 1) dlols (cladiges (34 ¢ (0,50
S5 e )8y g el ¢ IS Ao )3 e Sl Bl Bl pya 3T
2 e dwdin 38,5 a3 13 pae dalllas pl byl M3 00,5 0 00le
292 gl (Sanl g g

Sl aud ©j0 @ 1) Sude gl [¥] GSen 5 bl S
W3)S ooy 3Pl I Cad)b (e 9 52098 S98 delne
oo g JS5 g 0)lgsd (claglygm dliss 4 Ky 4o oyl 4 L]
sl fge gl (1932098 (S99 TP 2 ylade  Elpg

Jdsce ogitzogll (sl )il S8 )y 4 [0] oy 5 Sy
Azl Sglisl dnd g0j] ot il aSe Loz b plaie
390 5Pl e > jlisle cpl )13, 5 5)lis (oles Siaog ()
rslSe b sl ojle ()b &5 03 ) pasidie 9 €85 515 2bj)]
! 3 92 e 55 Gl U 5 6L ol dgue sl UK s
8,5 )18 (o 3)90 CEIESy g plaie oyl Lo S5 Ghaggy

sbojlo S-SVl (SGle (ol [7] () Seon 5 290
ok azsl Liyl33l be) 4y 005 45l sl zyde g plate JSilke
o Gyl 1 (5l ol owiomen g SVl gl Jgde 203)S (o)
SVl gl Jgto a8 w2 o i ol Wad byl dgioe (lial
P cov aey BB b 4 (lad laojle Saadly 5,
oS Wb )5 aoes gl L2555 oo H3 Y s JB 5 Jobo awiin
Te g plile Jodoe (glaojl gl 0,8das 4 poule (giludine
Do o 2l

Sedio sodiged 55y 2 @338 S ilodend V] o)en 5 455

ARRZS



WWEF BOVYY dorao AFF Jlo QA ojlasd dY 090 ¢ pusS yuol SOl wiins 4 puis

ol 23,5 oo Bl a8 () YU o3 g (Sabd (g8 I3
duLu.uo )I )|3C|)9w le.(bu.)l> L;lf u.")lf cb..\.o] Cawd CJL’I; u»L.uI »
Ol el Slgs o (g b Flygm dlaws iol38l i yidy Elyow (o
sl ansly s 4]y ol (655 le culils

dj);“ bodls (ooae 9 LA.JD:.» R N (VY] oblfw.m 9 UL«B
& e Colbed riman 5l Colied (gl JS5 po Jshu 2
) G539 ax 9 sipl e polie il aisly (b z)de &9
P393 duglie waly 9y 0ad gylae pdlde g 23,5 (o)

G i b Sibjls slady (o550 Gla PYA] L )Ken 5 (i
W S 5 (275 ey 90 4 ) Syl jb ot ol g oy
Ay cln IS8 e S Gl @l Gl 8 e S
opd o5 5Pl Qe 9y 0 o 0923 98 2929 Bl iy g poreed]
S A i 4 dvg b aS wisly lagl g s pbol I Gan
@ G gy Al 9 0o Ve (B9 4 Cond pg Ay G5l ol
Wbl eyl 22> % (59l

1g]yew S36)he slerdg) (65 @l el VA ) e 5 (bl
e 1y Glalgiwl jlaglysmw Sib e sladg) glp Lis wiin g6
b Uyl oglaie cpl 4 sl Bl (g5, Clo gla Shy dsme
Cap Ay potin oyl g zolaw Bl lp (256 Sl
odlul Jge Jolre 4i5)S e g (159 4 (65 Cadd Aty 4 (olitd
9 t_§>9§ C‘)y» )10_9 ‘L&i)) )_h ).) Cl)yu .)l..\zj 6Lbc])9~\) JJ.)) .)‘J:u A0
5,5 Jai 3 laly) tin (sln bl ol & K58 g b g
9 039 4 5l Cams (JS oad Gl (65l (S adgl gy 0d
ool die slagloda ly bugio (950 4 adgl didiy 9p8 Cund
4 e Slg o Elyaw lode a8 ol L gl wyp AS duslis
D9b 55l ol (gl dom e

SiPl il (o5 g o3 oy n 2 [V ] en 5 LuSslS
o3lazwl b .aad o &l by lid b cpl 50 (655l Qlo Ly sl (e
) adgl coleSy (glasud digai )5 LI mjg8 wgdome Glall Jlbos
‘) d&.m) )L.'>L.» cd)huui.a.lb RV Ls 9 UT L)"L"" P9 0.3)5 )y
015 ol catsan 3 &Sl o 51 S dalllae ) gl S o gLl

9 o> SHpl Cla g ey iyl Cla o ang b dgne 4 e

11£€4

clayls dgvg 4 51 a8 ol ol 5l Sl gl Liagh ols b
$3pl ol pials 4 e dgd 4 (59 2 0yin dbml g Jobo (sgil>
ol (Saead Al 9y (R g jluly (D598 el (5 @35 0
J S o 6ol kol ojl g lndiyw 4 03l slag s wad 1
—9y5 53503 g (32598 0970y (wgmeme I e yis Sl o> ()b
S9385 5 UBJ9)8 0575 0y dwin S5 &S (Jls 5 )l obels
el Jge (San) bawgie

Jold gwsin Sgo syl (owyp & W] ()Sen 5 (st
bare @l e S o Slas (gg) kb g Cunlns il Sl
1 ogde &8 15 el w515 3 s oyl o sl s i cov
L S9e0e 35 e IS (5] ol o g B50p058 (5555 alS
WS

o35y (sllgiaal by ok s 6351 [VF] oy 5 315 g
CoS (ygme g (Flad) deagd 9 (lad (ypme hgy dw 4 pg b
Blod & 48 3l s eios o gl 3,8 iy |y oSl i L
pod g9 (il pgd b o gl s 5 & pn (551 2 e
Srcuwlie 38lee (s (ol (MU pgd g 5yome (B pod codl
L]

Y9 slaylils oyglaie dix (giluatne VO] () Ken 5 dozxo sy
do ol 038 s | glise (slmoyis JS5 L alocutn g (oupo
S lELe (59) 2 Sadn 9 (e (ko id ol oji> Lglise JSi
Sl Jse awlie Jl gy 03,8 oy |y sy 5 (hocuin 4Ypd
odlail b b ylis b (y5 3 59,8 18 ¢ 0,55 (slaodls b ons 1yl dgaxe
x5 84 il okl b calols gl i 3,5 (gjlwand (33e g, 5l
B ok 5l ol (e Bl (slaeylgd (9,3 0yes bl 59,
8l Gl ey

slebgyee (b 05 Ehow SIVF] len 5 Joo)ke
208 dalllas 1) Soliol aud (gm0 (o)IS,L Cov diuy & sl
awglie 5 d9a00 Gloll Jl38le 3 S8 4y (g e syl (giluand
st ol g 0 plosl o5 slaislej] ) ol slaodls b Loy
b e 3 adllae cpl )3l 3529 (33 5 (225 @S O
15 oy oglyg Gl g Colbes (b aygly Jold Gilises gk |
o amlys gl 85 )15 aulie )50 mal Lol Joj2y9,8 0556

5 Ay (Soy0 a4 e daodls GX j Fligw dlaar iljel



Sl ol (1 it s 9 03 ST 4 ]y )l Sllas B
Sy ‘)J‘ 2 L)"‘ » OQM.C .)9».3‘_;0 uwl.w L W9L‘u 9 PMI ke ui
Sl ) 4 g 029 B (s R S g el e Jols LT
ol g0 5 Cuwl 09,5 oyl sul RpBpanyy o5V SWEo ) (o) Susle
.C~w|oméabuLuloi}‘}p (B

025 Shane Cebls odle (ALl )3 bles (o pisre S (S0
aayly C)I?‘"u" Iy Ll ) ‘_g)))l RN O‘}ﬁ" o Laa"j dj):“ TN 9
IYY] 5y9] comsas (V)

E:jdm““ Fdx (")
0

Fg Go53958 Jobo onydind,, 5 55 0l ol E bl ol
S5Pl oo b py doly pord Qi (65l glalasd  (Saa) 59,

VY] al o cowd 4 (V) dlaly 5| SAE Cls joguase

SAE = (v)

3 |t

S3Plipl e Ko 5 adlipe Ol pix M Bh akay

D)l (St ol (Sa) 0975 5 (h3)9,8 £55 4 s ogate

O adol diges il =) Y
ooy oK) lawgi o Juo DexQexB+ slal b a5 50 So ]
oy ol ()8 Elyge 3 €8> jslaie 4y ad 035 B Iy (B
5 0dd Bl (ogw i oSl 5 035 pasuie 38> ©ygo 4 kS ygw
oo QLS Aol o2latnl b g 9 Jiie ) a4 Y S
9 rogke £ loghgw Jlad )l )50 aslad )3 35 asuie bagl)gw
o ol 00d 485 a5 5> e e Ve S0S5 Sl e lygu S pe alole
el g el b )8 Ehgw Sllas dagliguw Jome (b (asui |l
199 b g o sS bl b el oolatwl b asbl o g cdpdy &yee YU
258 srle laglygu yio o £ a8 b ate b e 205 Sl oy (2l
ool @l 53 aljun 5 Ll oo askd Cl 090 Al 4 g L

plonl b Jolye YU €83 b ud s dloye ol 55 1 sl axals

Db oo PSSy AT @9 enen

o plxil (o3bj Cliies g5yl ool elsl 55y 2 ST
laosin by J5dse oeSo sl L (50 sladl 300 3 Lol .l
b oy S )13 Jla5 o (gl ol 3 &5 (b g)de Oyge
Jdlize glapiahly 18U Glise e ()b Sl wcanl 0392 39050 sl
&35 Coanl ol 5,Slas  wige lapius (oiin [ dox
posinosl] (sloylisls sl slo Lo 13 ol ode [V)] el 1355
Jsbe s 4 o8 cunl Jodouie Sl Sl hie g9 plate St
VY] 8515 sdigo (slodylS (gl YU suilty colaio

(oS Oladod (9T (BN g gy 85 g0 oy bl
sl o1 plol (GLaLS Lo b (eSe OBl (g 9 oS e 5
ossseg) (S O Sy (b ol imgh Ban jlaie ol 4
2 0 Ao gy gw il Miedin g plaie Gygo 4 (oElyew Iy
g 2 5la8 (Gile 435 bl g Lk (L3S g0 4 OO
Oglate calises (glacaxise (0 Ol ;0 Fliow o Sl o alold 4
Aol @ araly pSaye ) Gpl e il g JB alpl el
SEhgw I Ban 235 oo e cplpli g 0 45 adgl oo ]
Jae cpyido b (g5l Qs cdle > edle Hlade o yieS 1 eolatl
el gl (5525908 S9y (nyteS A ey Sl cne 3 9 S35 2>
(g3de Sjgo & oad plosl Al WS g (gilo e (eiuslitel s
025 485 Zolis duglie jl 9 05 Al g (b 505 ] Slaiges
(6 ey o Sl g (il se ol 20 g (e 5 028 g
b5 5l ookl g ilejl Sl hgy K8 L el j> s plosl L3l
calizee blyd b @3l Jld) (SeSe npbn old pbsl by ibs
Lo pdy &g J5S

s 5o =Y
allas adss log 53 (6551 sl Gg38l5s) 208 4 a2 L
slysio Cwl drwg Jb o b glsle Slips wyp o
AU BySaps )18, p JSB g (b S iz aden 5l 5l3 L
Se sl IRl e i ol (o 3485 cpl )3 )1 (29T B
b5eer sy porisogll SWT (i 51 Jsdsite JSb caa (5,51 3l
Gy ol ST slopgsisogd] 2,8 )8 (o 3590 il clag b

ST 3 polie 93l 3g2g ol sk 5 pajuto cpsisngl] I oS 5

VYo



WWEF BOVYY dorao AFF Jlo QA ojlasd dY 090 ¢ pusS yuol SOl wiins 4 puis

O yobio 4 (SIT-300E) Jg5 Yo v il Cond 0ltwd .Y JSWS
5 azhd Sl yoles

Fig. 2. 300 Joule tensile testing machine (SIT-300E) to
determine the mechanical properties of the workpiece.
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Fig. 1. a) Modeling the arrangement of holes on the ab-
sorber, b) Cubic absorber made after creating holes.

Ol Jgl dls yo 33 ¢ i) awyp (gl s cpl Qlsesl s 0,8
4 gie ol oMl g it < ISGl izman 5 o yicol, sl
bl g &S SV o sl odg dsad oyl ol g 5dd 0
395 ool 45 33,5 dbml 5, e b laghygw b S oS SLIS @90
S 13 35800 55 4 Sl epad 5 o ol Gl el

ol 0 &1yl OOl laie 4 0ud (6 8 Flyquw i aidle dskad )

Al (2,25 Jalod Y
Jos Yoo jLid ol bawg jLid ilojl can osd aidle asks
Slelp Gyl g ple SL (SOle ol olKitulel (SIT-300E)
SSo3lul bl olStwd (pl )8 ‘)«uLo)] Y USG50 ol &) (s9u5,

LS — s gomie ey el g ansls |y 600KN L5 TON o030 ) 4,0



VFE B VVEY aio AFF o @ 5)lads BV 053 €S prol SlSo usige 4y 5

o jliel g @3l (goue Julo —F

Ol o Cda (g5 duwlbre Caa diie Judoo Cuand oyl
gl yow glate olails g ojlul b awiin JS5 Calise sladiges slila
el 485 plosl g lall g, Sl ooliil LS4y o 59 2
adlo dasdad b gollas dges S il ¢ oo liel s jolaie pl (gl
099 b (2Bl gy Sl Aol gl awylie can JE (5 )3 00d
old i lodl g wiin Jao O IS 0 b (il Jde dgaoe bl
ly g gy cops « SSb oo (IS Jold pSaps (Sl

8y 3 (B (35S 56 e s b osle iy pai sl Gimggy ol 5
dog b cwl SOa Y 8,8 )8 oolatwl 350 S'sS amils Jdo ol
48,5 a5 yao bed 4 bgrpe Copd (gilwJde opl 5o by W30 pae
RO PV SNES USRI PPV

5 485 )8 S8 93 e Wigad «Siliul b g0l (gildnd gl
SE Cows 4 4&ES p yio Lo /0 ol sy b i ] jlns VL S

S8 S o ey 335 (645 ela aw il Gl I 00,8 S s ol

500
450
400
350
300
250
200
150
100

50

o) 9

(

0 5

T 0t tansssttastnbhhhbbbiAN

e e AR A e

K gt 3ol g JS gt 51 a3l i YK LY S
Ol 0 Sy

Fig. 3. The geometric shape of the absorber after plastic
deformation.
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Fig. 4. Force-displacement diagram of the absorber in the pressure test.
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Table 1. Results of simple pressure test on cubic adsorber.
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Table 2. Mechanical properties of aluminum alloy used in the absorber.
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Fig. 5. Simulated model of the adsorber using the finite
element method.
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Fig. 6. Force-displacement diagram using the finite element method.
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Fig. 7. Crushing shape and stress distribution of the absorber after applying force by finite
element method.
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Fig. 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 er-
ror percentage of the finite element method
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Fig. 10. Geometric characteristics of the absorber with
d,=7 and k=0.8.
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Fig. 11. Geometric characteristics of the absorber with
d,=9 and k=1.0
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Table 4. Levels of change of the design variables of the

absorber.
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Fig. 9. Geometric characteristics of the absorber with
d,=3 and k=1.2
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Fig. 12. Force-displacement diagram with d =3 and coefficients k.
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Fig. 13. Force-displacement diagram with d =5 and coefficients k.
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Fig. 14. Force-displacement diagram with d =7 and coefficients k.
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Fig. 15. Force-displacement diagram with d =9 and coefficients k.
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Table 5. Absorbed energy of different samples in Joules.
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Fig. 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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Fig. 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 E
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Residual Plots for EA
Normal Probability Plot Versus Fits
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