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PAPER INFO ABSTRACT

Paper history: In many industries, structures are designed to demonstrate good stability against

Received: 2025-01-23 various loadings. Consequently, studying the energy absorption capacity of
Revised: 2025-04-28 such structures is of great importance. This paper investigates the energy
Accepted: 2025-05-21 absorption capabilities of thin-walled hexagonal structures. Experimental tests

and modeling were performed on both simple hexagonal structures and
Keywords: improved hexagonal structures. Additionally, the effect of a smaller hexagon

inside these structures was studied. The results indicate that increasing the wall
thickness in both simple and improved structures enhances their energy
absorption capabilities. The specific energy absorption capacity of the simple

Energy absorption;
Thin-walled structure;

Hexaggnal structure; structure with a thickness of 2.81 mm is 18.79 kJ/kg, representing a 53.76%
Model.lng; increase compared to a thickness of 0.3 mm. The improved structure also
Crushing load. exhibited higher energy absorption capabilities than the simple structure. The

energy absorption value for the simple structure with a thickness of 0.3 mm was
1128 J, whereas it was 2139 J for the improved structure, showing a 62.89%
increase. This increasing trend was also observed in both simple and improved
structures for the average collapse load. The results of this research provide new
insights for the design of improved energy absorbers.

DOI: https://doi.org/10.22075/jme.2025.36693.2801

© 2025 Published by Semnan University Press.
This is an open access article under the CC-BY 4.0 license.( https://creativecommons.org/licenses/by/4.0/)

* Corresponding author.
E-mail address: ali.dadrasi@hsu.ac.ir

How to cite this article:

M. Beynaghi , A. Dadrasi and M. Beynaghi, "Modeling and Experimental Study of Regular Hexagonal Thin-
Walled Structures: Investigating Energy-Absorbing FElements under Loading," Journal of Modeling in
Engineering, 23 83 (2025): 181-189, doi: 10.22075/jme.2025.36693.2801


https://modelling.semnan.ac.ir/
https://portal.issn.org/resource/ISSN/2783-2538
https://doi.org/10.22075/jme.2025.36693.2801
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-9787-8909

\f‘f UL“‘"A) AY o)l..o.,i: ﬂrﬁ}“jMJLﬂ

e ) (S5l Joe e

-7y ) aJlio

SOl (w3 3pbiso (WS i I 305102 b LSl (9565 saxiline g 5 ldune

S b 1 30 5P Wi

A . o -:z:-‘\w)ob‘s‘_c‘\ 6"\'@"’

RN

dlio wleMb|

Ar o el Glal &5 Wi e JIE indy syse gleeile mbio Gl gk 5o
Oz 5 S5l 2z Cell g S )0 e e lis 095 5l il sle (615
ol el w@lio cpl o sl e 4wl loye5 5 SV Cawnl 5l Sl sl
Sildas g oy Ginlosl sl a8 5 5 anlllas 5,90 2l i 56 oz sl sl 55 5]
sl 4330y Sy Al Sgagp oxbs i LSl g eole als i kil cwlis
el 455,55 il 8,50 55 ool 5,0 S sS (kb b S i Sl e
Al Sgugs g ool LSl 90 12 ;0 0)lgr Cuelses ioliEl AT wes oo lid sael Cewdy s
b ool Llslo lys ohas 65y i ol 00,5 o o5yl i glacullE iyl el
Ol 38 s 13 OYIVE aS Cal ool Cawds p,56LS 15 Jo55lS YAV iaidin YIAY Cualses
Sgute Hile (65,5 iz Gl Ll (puzman o oo L iedis /Y Culs 4 cos |
ool il (gl (6550 iz Jlade a5 g 4 sl 00l 5,155 ool LSl 51 SYL asly
a8l g LSl gl Jade cpl aS Cenl s (5,155 Jg5 VITA ieds /Y Cwlies b g
30 oali8l Wgy cpl s co Hlas |y Ll o yo AQUPY a5 Cowl 4t acwlze o5 YITA 4
@S el ool (5155 5 bawgie (Bl y8 L (sl Al S5 g ool LSl Sl g0 e

D20 L)l aidl seugs (65,0 il u’_‘>‘).|o Glply N s ..\3153(5;, Bk Q....I

DOI: https://doi.org/10.22075/jme.2025.36693.2801

VEYNF allie 2l
VEE YA sallie 5,550
VEE VY sl iy

i geuls’ 55519
(55 i
WS ksl

(o s el

© 2025 Published by Semnan University Press.

This is an open access article under the CC-BY 4.0 license.( https://creativecommons.org/licenses/by/4.0/)

asdllas 990 S3U o slaole ;5 (ow) 2 9590 sl Ll

doodio —)

st 5 SVl (6551 Wlg oo s (] 025 o0 13
IS e el slaghy, SeS a1, S
st Elgl 1S has wsline 551 @i glagaly
S5l 09,28 ¢ SBILL (> (S5 4 5 o0 L JSCS
9y Ooeed 5l [A-0] oged ojlil (Sg)ls 5 (>
5 Sload 55 et bojle cnl p il GlR0055
Sipe AR g 7 Sy & e SlglS Slides

olio ;o los S &jgo 4 Sb s slaoslu 055 4l
il (ST Caatio (53l 5,095 Curlio (g7een Al
ol S o0 )3 esliial 890 (ilulanlse Caio
5 Vb 55 wdx codib (o S s 4 laojle
GAaallS laie 4 YU 03 4 55l Gl o
Obls [F] Wsbioo (Byme 555 D> Glagiuw
Ot 5l S Olsie 4 (65, ol coblB as el S5

ali.dadrasi@hsu.ac.ir : Jgiwe odis g5 g xSl oy ¢

Ol Gl (6 lg e @S olRls ¢ gwdige (58 0uSisls ( SHlSe pwaige 09,5 )
Ol el (bl Slgaiigs oKils  cwaigee (28 00SLisls (SilSe cwaige 09,5 .Y

o oyl 4y sbow!

"L 1 3l o sle Ll s ipbiie gald 2l Sl gla )bl o) (g anllls o b sshin (e g (o yold o, Sy (s
doi: 10.22075/jme.2025.36693.2801 NAA-VAY :(VF-F) AY YY , cwsdige 50 (55ke Joo


https://doi.org/10.22075/jme.2025.36693.2801
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-9787-8909

VAY

e d aded SUlael L cosenls 5l solaiul
Silo Lyl ] S S RSV VR v P P F S W

sloojlo 4 (65, Cio CoblB Jlade o 5L oS Zel )]
Ol Jlade a5 o)l 3l Cuwls VL LSS (o pe
ol ol Cwsds £,55LS 1 955k 0F Jolro

sladlg) K4 i 5 655 @3 390 5 (225 (o) 2
& gonlo gblic amsinl p 55 g J& 5 S5U o
Sge OhlSer 5 Kby bawgs (o0 slape b s
o asllas pl ploxil 5l Saa [VWV] w85 )18 ()
il Gl oogiegll (A (sl it US55
iz sl ol 0 psd 257 Sl smin 5 S5 i
el oad ol (p2ye sape 5l (B A 5
SloFer gonias (liS goae 5 (225 @IS gamlis
bl sl S e (oo Yo 51 2a8 (llas) ogllas
3 e B IS e slaojle a5 cnl S8
)l (6551 i cell IS (g9 nls slaojls

JSL 535 s0970 9 (5551 i sl B @llie ol )
4 Al ogn g oole o b SHL Jlas slaojle
Sald )3 055 (o0 )3 (o) 2 990 S0 5 (2785 )90
ST RER TIPSt FERCRUINN UL PRV RN O v PP OF
St 9 o3l Sl 90 52 40 Jawgie (SBhgS b g ol
dnr o)l 9 9,5 o0 LB Jelod g anglie 590 aidly
20,5 o0 (P

Calis il oS sms e i sdel Cawdy b
ool > 33 10 (gl ks i (gla,lisle s o)l
208 oo Al (ol Gl cage Bl edgne
Gl 5l aisl dgups g 0ol cdl> 90 (g lin pizmon
G o il LSl cusli a5 cunl ] gonims Ll
(3Pl 2dr Sl 8l s sla Sy sone
BB S5 e (o0 SeS (SBLg 8 5L g 09 656l e
ko G5 Gesly 51 S e pSilr bas el ol pled!
ol o anllls 350 sl Sy cond apens slools
Gl lodl ) yp S o 4y |y ol o 5Vl alie
slr Bl Lbog oy 65 @ (il oie
Sl F ol ol 31 S5 az (als (i sl LSl
g Ladlsn )09 pla Gl mlio )0 &5 sl
Loy n plle )0 655 @ax sl Olee (oo
ol sadlas abl oo colatll LB (Glas s ol

a5 g ol (b 4 e wlg e bo)lsle

VF-¥ QL».-“A) AY o)Lo.«f: s‘bs.uijLm

S (e oo yold ¢ Riy (gugee

Ailosged al)l o0 o

Sfles p i gadlle S [V ] hlKen 5 gl
o Sl S bl 6550 Gladlr (s pdy a s <ol
S50l sladlg 6551 Dd cllill g (LBl R (02
o b gy )5 )18 Gtalesl y90 [N] SWT alws,
Sl )5 SUI T el (o 0alS” alisia sl 1 (655
sloojle (655 Gd cabld ¢y B g pgaiagl] i
S5 2dr ekl S (B Syl @ ) Gl
2 55 okS YO b S GUI 5l ens wisle sla 4y
Glp Jlade (nl &S (Jhee jo w8l Sl e SelS
2 55 5L B Joles pgrirasll 5l e 4l gla alg)
) oat 4l gloddy) S0 g 5l Abbise o TekS
G, VY alidl el ra%.;ﬂ.aj_l—l D Comnd ddad SUI
S goole G Glaie 4y a8 Wilowds (65, L el
Sonlo slodlyl IS s VY] ol Ken 5 paddlace ]
Ll aiols H18 sy 0590 |y (il b o SHG o
‘_g)‘;xf)l.g Zos eslw o8 PR 65ﬁlo ‘_ngdJ}' )L'Qé)
5,5 g ) 50 1y USE losS ran i
ot lalid S5 ks )0 dli> jo duw (6,35, ol
loszal b oy, cilizee lasie o gl
S| OMT Cawdy u.\.xgyo

sl il ez colll elRnll o)
[VF] 4,5 5 allir sl 5 o) s Soiblge 5
ohoay ol loalglais B S 5 5l solizal L LT
5 4 4l (Jsb i slagledl el (Lfen)S g
ol Ll mbs aisls )13 Gialejl 050 1) 40,0 Ceyun
b sloaly) g asad LI oS 5 45 sl ] godino
@y Sol 5093 5 65V 351 Jdz bl 5l Gl
ool (nl Rl o 0550 2 JoiskS Y Gl
Sladly) iy 2ss [VF] oS 5 ot 3y
20,8 addllans 1) o35 sl S g9, 2 OSLe (smpe
o9y 2 5 Vs g pociesll oo Al (i
6‘.24)[;): 64-1*-’*’9‘ 9 o oolo )‘).9 Coew 9 Slo Cja.w
IS s (K68 .l 423 )5 )1 80 195 1y Cow calize
Loy 990 Behod (nl 5o Wil L (008 gl 5 Slaal
BRI SIRER TIPS 4 P VP I-E SR UL JU i gt
saddllae 3,50 JSB sopls sbaojlgs Job slos 5
L DIF] s 5 LI D8] ol 55 5 o

i ) S5k Joo alee



SISL S e 655 @iz slagledl (ow) p il (2o 23 Sl Gl jlisle (025 sasllas 5 g5ladoe VAT

9 LSl YL 5l SokS B0 v oy b (651 o5 e
OLS Gl 0 S o0 Dyge akSS  jlerle B ey by
leojls Job .l ouis solarwl V5l e s olad yals
odds a8 )S a0 arle WO (Lo il Sl
Gamio S LSl Gl (V) JSG 4 azgi bl

I

Sl el

i e

/

GAo 90 Gy, &S alo il sl Soled -Y S

S5l @i (EA) 551 i ol aw saule sy

slasesd 5| (MCL) bwgie (o2Lg)5 )b 5 (SEA) o35
:[Y ’—\/\] Sl 00l oolawl )

L
EA:I0 P(x)d (x) M)
sEa= EA R3)
m
MCLz% ™)

S9y godidd Hlis cwiy 4 M gL P(x) gl jo a5
wiboe 23 o2 9 Job ()L plin 5o 0ud Jlosl
I¥Y 5 7V]

15 a3 5 Joe (o]

48l Sgupn 9 ool &5’“1"‘ ot sla el gldoas &l
51 eoliiwl bl ool oolatwl wgSLIT 581 o5 5
VO (gl oKiws g (AL 7075-T6) sguivas)]
5 osed i Serte b T GSHISe ol
Jade Jlade oV S a5 az g5 L) ool (so5lw (gl 25,5
s e it ol 0 15 ISl S5 $AY S,
Fo g eSS Yoo Jobo J&o g oIV 2l ol
ol 00 )5 e

VF-¥ QL».M.A) AY O)Lo.«f: sr’}u.\ijLuJ

syt oy e Sl el o o 55
S35 4 e Bilgs oo Lo il ol saddllae ¢ piman
@l e )0 9 98d Olge (il Al 5 Awaie o
S5 iz Sl lse jleslanal 5 059 (il JElas
5 e Gildoe Rod qage 30yl sy |y sy
S 5dee 5l 65 S b oS (o0 SoS (025 (i L]
Dl s (6,185, cod aojle

cilejl 3 s3ludure ¥

a4l dgugs g ool o 1l LSl (V) SS o
5 Jol Coomnd jo il alilAS ioles 40 Sleds O )50
o b bRl SG el (Ao b Sl Gl
90 ol aS csl oal dlul ojle (pl S e yo SSoS
Slp Sgdoo Jate pi2 429 ;0 g, Jlail b jbSle
a5 Sl o0 oolatul di oles 5l wes, alold (5,135 asles
Caalbes yuizmen aib oo coll g jieidia VO T lade
Sl 00 asuie yiewdeo +/A (go3lail g T oles b ojleso
ko i e lie Ll g0 galols a5 cul S5 Ll
aoldS oled 4 yeadio A g0l L g D sles b ool
Oygo & oo b oyl pgd (ASu o el oad
S oyl 0 a8 Jhge 4 cloads sl aidly sege
I8 Gresoo +/8) ol gl L oopls SO laojle ol
—alold oges attine (5l ju Coowd (pl ol a8 S
o3l (50,1500 Cwalies sl 5 d2 olad 3l o pls Sy s
oyl o glad (pizmen (ol oul oolaiwl t 5l Lao uls 4
Gl 0030, asio T olei b

ORe
00

BRICVC FRRYWWRIPIP R I - A R S SR W | DU B LW

e b Seiled gejle Ko V) Kb 4 axg b
Gamio Sl 88 SIS LA sgd oo cunlin

i ) S5k Joo alee



YAO

250 el 0ad )l )] (soue Jow g i O jg0 4 o2
& prdlge ateie Silsd Sy vels LSl ) u"i)
Jsb 5o opsliee wald 1) oYL 5yl Qi Llys
rbo i i le ad 00,88 w55, «5,18,0 an b
oloul el 99,5 (59, (i 05k Cannd (33 33 5l b ool
Sk (F) S8 az 510l S00Ss 695 2 phaie slogez
©33 5 (2,75 @l o e B Bl a5 el ]
S sauslio 4 addllas [l gamy i yo Lol o ls 092
abg o slasloges 5 Jouzr 5l s pSose b g30e 5 (275
RUIESAJPOT e

g e ¥

s oiy 6ipl iz (655 i gl o) 2 Sl
Seete 5 phate (oibo A laylBle lawgte S5l 8
ool oad al) (V) JS& 0 o] sladiges a5 asily
Sype iz 5oylss Calies ¥ L badigas 'l g lude
a8 cals ledl Wb | iS5 ol el 48 5 15 )
2 85T Glagldl 5l S5 ojles cubs il
slcwlxs gl olaie g oolu gsté O glaol s
el 00,5 il calize

Lo U"‘""” 6&»0)’@; le)..v AW ul—"‘”‘ kSLq’ww - Jsd?
w8l S5ege g ool

Q OO U

D Cc B A oles

&

I

Y LY oY Y
-9 -9 NN NG 3

3
VY VY VIYa VYA 1
YIAY YIAY YIA YIA

i sl sl gl ol Casas g3ae S ¥ Jgu
ol lizs lacwlbus gl |y aisl sguge g ool als

...\.Q\)GA

\F-fF ULMM) AY O)Lo.«f: ‘f’?“‘ﬁw"‘JJL‘“

S (e oo yold ¢ Riy (gugee

200

180 -

...
\

L0~

(MPa)

Y T T
000 00 o 006 003 010 ol

S-S
poeasll (RS- AT Jloges Y JS5

Ll sl o0 5 o sl sanlia -F S
ool LS*J“O k)“““

ool olo il (so5lu diges candllas ol oy iSu o
B (F) JSs 50 a5 jshailen e85 15 ilejl o)
5 2Eisle;] &g 4 ob diges b8 il soalive

s 50 (§ikw Joe alos



S ISL S 5o 655 @iz lagledl (ow) p iplaie (2o 28 SL e sl yliSle 025 saslllas 5 s 5ldos VA?

WYP & iades Y calies sl Jss WV -V 5l 3,
Jobee a5 el sdas, yionkes YIAY Caoleds (6l Js
Cobls o Gl cnl onl anl il s OV/OY
e Sy 55k ay sl snalie LB 5 ohs 6350 i
Sales sl e SokS 2 JoiskS VYITY 5l Cosls (nl
Suald sln o5 kS 2 JiekS VAV @ piecdes /Y
HU Slade (izmen ol a8l o8l el Y/ADN
Jolbe adee YIAY Culrs ly lawgle oOlbg)
aols (moli8l adio /Y Clolbes 4 Cond s ,0 YTV
oanlice bl 55 B (sdiges glp (s0900 Kig, ol el
b s oy 655 @i (o5l L sl el
INURY 5 FA7I08 &+ TIDF oy & bawgio il b
el &8l Gl Y & s YA calis sl
looils sly sl i3l ol & Cenl 53 oLl
ok sl (il o 5 Al g (Al i

sl 0033 ,5 00l
Sledel Casdy @l gawlie 4 wwnd pl o
w2l e aBh Seups 5 ool Ao i e sl
s3> oS Sl ol gosias lis diged 93 o sl @l
Gl Sl wiged g3 s 0 SsS Ao
L oXs (agm 5l 3500 (ouyp 990 lo ool
o i) A Gladiges j odel Cands s (gdunlio
Olgie (8l dgmp obo (id) € (seiges 5 (o0l
laojl ol o col gl b olao pls jgam aS il o
a5l i Gl bl bl el alo il
Olis @S 205 o0 bawgie 2Ly L g ohg 55
iyl ed jlade alin sbcwls o a5 s s
b opmizos ol ails molidl Jo5 YAFA a4y Jo5 V)Y
YOFF a s WVYS 5 bl ol oo wiunlies il
SiAl iz Glp a8l W) (nl ool assly al33l 55
e Sal 00l (15 5 lagie (Ao 8 L g 039
il g sboojle sl S eSSy 9
990 sl ioli8l o sl 55U 5 (D ised)
Gl iz (655l Qi cllbB jlade .ol asils cwy
4 0yl0 Cuwlbs il L lawgle cBlg8 5L g ok
sl 4Bl )33l LEAIYA o DATIVY SV o g
S5 Joged ¥ Jgazr j3 00l (5135 s e S50 6ln

] 00 44‘)‘ f..: ((b)

VF-¥ QL».-“A) AY O)Lo.«f: s‘b}u.\ijLm

5bigd )bsoig 655 wiz (g5l i SlB -Y Jgax
L x5 Los oo (g1, Lanogiio

MCL SEA EA Caales
. Yol

(kN) (kJ/kg) Q)] (Foskeo)
\V/.% \YIYY Ve LAY
YAIOG \Y/AA \YYA 1OV

A
ARVARS \VIbF V#Y4 VYA
YY/AA YA/YA \YYF Y/AN
VYIVA \Y/vA VYA Y
YAI£A AA7ARI \YFY N

B
YY/fa YAI-Y \YYAY AR
Y/ ARVARY YAV Y/M
YY/IYY VA/YA YA¥A <IYY
Y¥/o) YVYA ARIN4 Jid!

C
Y- /ve YV/£# YAA VY
Yona YV/-4 Y. ff YIAY
Y#IfY YYNG yiva <IYY
ARVAR! YOIV Y¥V) Jia

D
YE/AN AR Yave AR
Yavo YOINg ARAR YIAY

ko b sl b sl oad 51 b 4 axg L
30 Caales ol3l Y Joaz 0 (B g A sladigal) ool
(Sl i Glac bl pulidl el bojle (go,le00
ly el axsS Langie (BLg )8 b g g (5551 i
olKiws .}a.wy 0 w Ll )‘ Lg))"‘ uJ.> 6ML>:.¢
9yud (G0 Sl bl&S a5 Oy sl ouls colaiul
Doge & 2bul Goad Cud bl g 93 4 93 )90 4
o o..\.o] Cowdo slag! 9 ..)49.....:6& = ).i;..\S.; l) 9o 4 g0
g o el ¥ Coled 50 g 05d o0 0yl R0
iz Sl SLb sal> el odel Cawas slasl ggeme

Ciz lade A siged (285 L5 0 bl 55

i ) S5k Joo alee



YAY

S8 eolitul 050 (g5l 5,095 Cunio )0 pF a0 Sy
Sos SR s 9 05 (o0 i 1) 4,5 (555145 9
Ol on Wojlo cnl 51005 o0 9,955 315 4y 00l Jitie
Cod b aS 5 sb 4 0ged oolaiul o Ladles Cuais o
(e 50 9 g ey Bl (sl T (VL (655 i
5log anlys aal)l5 Jloas! cesl g plgs iol58l o Jl>
@ Sl oo o djly bl )3 laojlu cnl 0o (9w
G slal bagleaisle o laiis slays Cogll Glaie
et 3Pl Sl g iz o ) il ol a5 wles
oo o 1) ol 5 idu o deun slojy) slag
il (o0

& S 4o -0

S5l o sle by (g5l wdn bl wlis ol o
5 Sldae 285 13wl syee (el 28
odlu (oalo b JiSle Culs (0205 slo il
spaz flaalsl ;5.085 &0 a8l Sgge (Ao 4 g
s 0530 ol (8 5SS Sl b ol 25 5,
Caales a3l as ols las sals 5138 b s ,8 )13
ke 8 g osle (ks (18 LSl 95 8 gl o)les
B9 oo 5 Ldx oLl ioli8l o a8l vauge
S35l i bl o5 0y o il 0ad 5155 b
2 JsileS VIIVY Sl osk el s il sl o2
S Js3skS VAIVA & yiades /Y culis b o 5ol
Jobee a5 cdly Liglidl males VIAY Caslied b o SslS
Gl ¢ pizmen 00 oo HLis 1) o158l ws o OY/VE
Coslis Sy gl oty 65 i 5l odel Caway b
a8l 5ge0s 5 00l Lo 30 (6l GRaskeo VTR Cols
2 J3sS VVIOF 5 sl ol ade a5 ol sla
a5 3L Gl oS elS p JoiehS Y0 4 o SelS
s 5l og b LSl jo olgs Custi Sl goaims lis
ke b Bl 6l 6550 Qi Cesls e S0
A yaadeo IV s b Jg5 VY- Y 1A sdige5) ool
oS 28l il eddes VIAY culis U g5 VVYE
Gipl @i Jlade ams oo lid |y il ws o AV/BY
L g5 TIPS sl sy ol 20 5L sl
VIAY cobis b Js) TR0 & yiakeo /¥Y Culis
Sl 90 sl 655l i mls A lie (8l 53l
ol Cebrs S o Al sg g oole als b
ol lad 1) gas,o YA ol

VF-¥ UL».M.A) AY O)Lo.«f: s‘b}uijLw

S (e oo yold ¢ Riy (gugee

36
..
30 - s
;. e A
5 S/ B
/ ——C\_w

»

&
\,

N

(2t $E1 015 58 8 St § (3 | i
c
N

0o 05 10 '.'ﬁ ')‘U ’J'.-] 30 35
(Stsi) idba

Cwlbrs 45 Cond og (65,50 i bl ol s -0 S

cilize sladiged

3,50 sloosle olule— b &l Wy, ol las gl p
a5 Sl oaldy aBlAF ioles 4 (F) S gl gy
sols Hlzs D g B saigei 9o oloula— b ol uss )] 5o
Gl a5 Sl zedly MalS ¢ jloged 4y azgi b el 00l
L it (59 Conl sy a8l Sggp (Alo b
S5 5 NS Ja ool L 5 58305 & o
G i b Jpd BB Gllal 45 el ] (gonias

D10 Y Jgaz 40 oo

— - —- -—— - -
) 20 0 o0 =0 100

(i) —aila
D 3B saisei 90 olulo— )b Jloges (sdunlio - JSo

Oil38l a8 ams e plias danlllas ol 5l ool sy s
Jole SO Glgie 4 als il slaosle so,lg0 cules
e Sebioe (Byxe ojle cnl plgt 05
5O Slodes Sl o o il laojle Custs
b s )5 33,5 o gt (o3lgs b 5 5351 i
Slibes 02,5 lgise oo 5 (225 @l I ool
iz glaaie; o 1) SHU jlax (oo 2l slaosle
Olsie 4y wilgs co ool ol 5l ool (cd,8 Lo jo

i ) S5k Joo alee



SISL S e 655 @iz slagledl (ow) p il (2o 23 Sl Gl jlisle (025 sasllas 5 g5ladoe VAA

OB s i e Lo &bw ol

OIS @l o (o) g IS 1SR (e Ble (215 45 g 45 auS (oo b Allie St
allic 556 g i b @mls oS pand b lad > b

bl e callas iy yai z o yols e D, 8929 10,1355

Ol g sim Lol 1 iy (ymxo Sl

Sb &bw a2 o |y allie (pl s oS Wgd go agtie Bty

4855 Oyge Sibgh ol Glp Jb Coles @S losil 5 ol 4y (6,505 salxe

&=l

[1] Liu, Hu, Zheng Chng, Guanghian Wang, and Bing Ng. "Crashworthiness improvements of multi-cell thin-
walled tubes through lattice structure enhancements." International Journal of Mechanical Sciences 210, no. 15
(2021): 106731.

[2] Liang, Rui, Xuebang Tang, Jie Huang, Cheng Zhang, and Wanghie Tuo. "Experimental Studies on Energy
Absorption of Curved Steel Sheets under Impact Loading and the Effect of Pendentive on the Deformation of
Samples.” Journal of Modeling in Engineering 18, no. 63 (2020): 27-40.

[3] Zhang, Hongbo, Dayong Hu, Haojie Peng, Wentao Yuan, Zhen Zhang, Zhenyu Yang, and Zhing Zhang. "In-
plane crashworthiness study of bio-inspired metallic lattice structure based on deep-sea glass sponge.” Thin-
Walled Structures 205, no. 15 (2024): 112505.

[4] Miao, Fuxing, and Yue Jin. "Crashworthiness analysis and structural optimization of thin-walled circular tubes
with porous arrays." Structures 70, no. 16 (2024): 107811.

[5] Singh, Kumar, Ramesh Pandey, and Ashutosh Upadhyay. "A numerical study on combined effects of groove
shape and numbers on crashworthiness characteristics of thin-walled tube." Materials Today: Proceedings 44, no.
6 (2020): 4381-4386.

[6] Fu, Jie, Qiang Liu, Xiaokang Ma, and Ming Cai. "Experimental investigation of impact loading effects on
rectangular flat panels of fiber self-compacting cementations composite with expanded steel sheet.”" Journal of
Brazilian Society of Mechanical Science and Engineering 42, no. 318 (2020): 221453.

[7] Ye, Xiu, Xiaojie Shi, Xiaojin Miao, Peipei Lu, and Meiping Wu. "The influence mechanism of fractal design
method on mechanical properties and corrosion behavior of sheet Gyroid porous structures formed by LPBF."
Materialstoday 41, no. 8 (2024): 110373.

[8] Pehlivan, Levent, and Cengiz Baykasong. "Theoretical and Numerical Study and Comparison of the Inertia
Effects on the Collapse Behavior of Expanded metal tube Absorber with Single and Double Cell under Impact
Loading." Amirkabir Journal of Mechanical Enginnering 50, no. 5 (2019): 999-1014.

[9] Viccica, Marco, Manuela Galati, Flaviana Calignano, and Luca luliano. "Design, additive manufacturing, and
characterization of a three-dimensional cross-based fractal structure for shock absorption.” Thin-Walled Structures
181, no. 15 (2022): 110106.

[10] Zhu, Guohua, Zhonghao Zhao, Po Hu, Geng Luo, Xuan Zhao, and Qiang Yu. "On energy-absorbing
mechanisms and structural crashworthiness of laterally crushed thin-walled structures filled with aluminum foam
and CFRP skeleton.” Thin-Walled Structures 160, no. 1 (2021): 107390.

[11] Albak, Emre. "Crashworthiness design for multi-cell circumferentially corrugated thin-walled tubes with sub-
sections under multiple loading conditions.” Thin-Walled Structures 164, no. 11 (2021): 107886.

[12] Abdulgadir, Seif, Ammar Abed, and Alaseel Bassam. "Crashworthiness enhancement of thin-walled
hexagonal tubes under flexural loads by using different stiffener geometries." Materials Today: Proceedings 42,
no. 5 (2021): 2887-2895.

[13] Liu, Bin, and Xiang Xu. "Experimental and numerical study on crashworthiness of bionic hedgehog spine
thin-walled structures.” Thin-Walled Structures 189, no. 13 (2023): 110892.

VFF Gl AY o lads paus § oy JLo s 50 (§ikw Joe alos



VA4 S (e oo yold ¢ Riy (gugee

[14] Ying, Liang, Sensen Wang, and Yong Wang. "Crashworthiness analysis and optimization of multi-functional
gradient foam-aluminum filled hierarchical thin-walled structures.” Thin-Walled Structures 189, no. 8 (2023):
110906.

[15] Liang, Rui, X1 Liu, and Christophe Bastien. "A methodology to investigate and optimise the crashworthiness
response of foam-filled twelve right angles thin-walled structures under axial impact." Composites Structures 310,
no. 15 (2023): 116736.

[16] Xiao, Yong, Qian Wu, and Hong Hu. "Optimization design of crashworthiness of polyurethane foam filled
Origami thin wall square tube based on an surrogate model." Structures 65, no. 12 (2024): 106713.

[17] Yao, Ruyang, Tong Pang, and Guangyong Sun. "On the crashworthiness of thin-walled multi-cell structures
and materials: State of the art and prospects.” Thin-Walled Structures 189, no. 8 (2023): 110734.

[18] Li, Tianjun, Zhilong Huang, Jing Zhao, Xiongfei Xu, and Xiaobo Guo. "Pore structure characteristics and
their influencing factors: A case study from the middle jurassic mixed siliciclastic carbonate rocks, Turpan-Hami
basin, Northwest China." Journal of Petroleum Science and Engineering 203, no. 11 (2021): 108611.

[19] Cui, Cy, Song Feng, Xong Cui, and Jing Lu. "Compressive resistance of the bio-inspired cuttlebone-like
sandwich structure under quasi-static load." International Journal of Mechanical Sciences 248, no. 15 (2023):
108222.

[20] Qin, Ruixian Xi Wang, Feng Gao, and Bingzhi Chen. "Energy absorption performance of hexagonal multi-
cell tube with hierarchy under axial loading.” Thin-Walled Structures 169, no. 24 (2021): 108392.

[21] Mohammadi, Hossein, Zaini Ahmad, Michal Petru, Saiful Mazlan, Mohd Johari, Hossein Hatami, and Saeid
Koloor. "An insight from nature: honeycomb pattern in advanced structural design for impact energy absorption."
Journal of Materials Research and Technology 22, no. 19 (2023): 2862-2887.

[22] Ma, Daofan, Wang Guangwei, Ma Youguang, Zhu Chunying, and Tang Xiangyang. "Hydrodynamics
behavior and mass transfer performance of gas—liquid two-phase flow in the honeycomb fractal microreactor.”
Chemical Engineering Journal 462, no. 15 (2023): 142228.

VFF Gl AY o lads paus § oy JLo s 50 (§ikw Joe alos



