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Experimental study of energy absorption characteristic of sunflower-inspired
foam-filled honeycomb structure under out-of-plane loading

Reza Sarkhosh **

1- Assistant Professor, Department of Aerospace Engineering, Shahid Sattari University of Aeronautical Sciences and Technology, Tehran, Iran
*P.0.B. 13846-63113, Tehran, Iran, R.sarkhosh@ssau.ac.ir

Keywords Abstract

This research introduces a novel gradient honeycomb structure as an energy absorber inspired by the
sunflower pattern. It evaluates and compares the crashworthiness parameters and deformation mode of
this structure with traditional honeycomb structures. In this research, the effect of filling the honeycomb
lattice structure with rigid polyurethane foam on energy absorption and structural strength is investigated.
Initially, four types of honeycomb samples with dimensions of 70x70x70 mm were fabricated using an
FDM 3D printer with polylactic acid (PLA) material. Subsequently, two-component polyurethane foam
was injected into the space between the cells. Next, the samples were subjected to quasi-static
compressive loading, and the force-displacement diagram obtained from the test was extracted. Finally,
crashworthiness parameters such as energy absorption, specific energy absorption, and crushing force
efficiency have been investigated. Experimental results demonstrated that the proposed sunflower-
inspired honeycomb structure exhibited a 4% and 6% increase in specific energy absorption and crushing
force efficiency, respectively, compared to traditional honeycomb structures in energy absorption
applications. Additionally, the use of polyurethane foam in both conventional and sunflower-inspired
honeycomb lattice structures led to a 16% and 10% increase in energy absorption and average crushing
force, respectively, indicating increased strength and improved performance.

Honeycomb Structure, Polyurethane
Foam, 3D printer, Energy Absorber,
Sunflower

Please cite this article using: S ool 5 ol 5l allis 4 gl )l (ol
Sarkhosh, R., “Experimental study of energy absorption characteristic of sunflower-inspired foam-filled honeycomb structure under out-of-plane
loading”, In Persian, Journal of Science and Technology of Composites, Vol. 11, No. 2, pp. 2512-2520, 2024.
https://doi.org/10.22068/JSTC.2024.2040117.1897



0359405 (5 9US 9 pgle &y pubs

Ob9d pw Ld)

A.zmo)|C)l;Ls)l.\f)b._x.z:ul.)):xhsTJf)|Aas)fIOL;‘”fﬁsbo.\.uu).)6),u)my)Lahu6j)J|~_>.\.;k;)qu)xAﬂUaa

Sl ply s S wiols s S ST (gl i el yosdle
Oy (L5 dbiwly et o i)l (i sl )liS Lo S (slazilbogge
sy s iped e et K555 e 5L 1) [15]
ol SST ksl wisloplis Lad (ysasl el g gaman
A Sl e Sl 5 (55,50 i Ceols wilgiee sl o
5 SlSe olys [16] (o LSan 5 i blazils Jgano (sl il
ol (5, ST il a5 (65540 il g5 lois
5 wils),3 anlllne 3,50 Sililact (6,58 b s LS5 5T cgloges
O S e 551 i ST slalisle 45 Waw; 4 opl 4
L [17] GlSen 5y oIy (Joane (5 50505y Lzl
RISl SoS g (b e S b gaedan 650554
e Giluand b b anglio 5 L8 (gal plowl 51y g Wogei 9y
i) Siploslr lyie 4 00l slp ol Sl oS wiolaglas
alie g () 4 [18] e 5 ()95 rizmes wilios s Fosllas
I TPU ilanio olye L 48 S35 ol sl 5 50550 (gl il
asloylis Lol aczls y wsgieas ezl FDM a0l cole & )b
S § 985585 Sl & S (5 e 5 lodr ST sl il
bl L T19] S 5 g s (sl 5 Sliolan 538 55
Ay ST S5 o sy bt LSS (sl
S 5 eelol tia i syt |, Sl o) 5351 i 5 sn
KT i o o ST ks 53 5 Shac oy 4 [20]
il il b 5l aaigas aiislsy (iligs - SuinST ilie go b
a8 F 5 Gl 5 dw b Sliulacd )58k s 5 wadaisle
oo 5 Aol 35y gl Wl il St g8 ol Sl s
5,0 Jghie 5 Jsare glo Lo b duglie 1 (555l

059 dm [21] (oS 5 Slge 5l eolatul &S wislo i Gladss (pioes
Semte lasl G JLB L2830 S (5ol (slapsd T eslinal
9 g2y00] Ll e 5o aoo Goldl ) St slo,lizlo o Slos Wilgs oo
e 5SS Ol b s 90 St JlS Lo 4 [22] (e
o=l easala 8 aadllas 5 5w (65,5l i Bl 5l caman i SaS
I8 Galesl 05 amio 5l gyl 5 S50 (6,5 L caz 90 0 baylsle
Olsd @ gl o l)lisle 18, 5 025 @l (o) 5l o g ais S
oIl (65l e Caals solpiiing JBSLu 0 oS e s (pl @
L ooy (5,9540Y (goue adlllas & [23] (5, a0 5 oabDlo .Conlazsls
il glace s Ly (Sl g Silislacs 61384 5o b ell psd
oilidl el pad gl ( Sliulacs (6,l05,0 0 wslsplis g aSls
(Rl e GRS (Seelns 6 5L 50 5 098 e 5 ld
2 [24] )Sen 5 3lT &8 ol oo (LS (g5 100 1 pgd i
P9y A oty St sla)liSle (02 5 s30e (o p 4 laddllas
Sl (A E 5l b L iy st
il A s i Seie sloylis L 4 pg o> okl 5 axiss
I L 0,55 s [25] et 5 ol 33hsn (55l o
G iy g sudaiBle 59554 JLSle (Lo 2b slaske
13 SilSe oles g g5 plmiin caols wolsrLis PMI Cilx psé 5l
Wboo Gl g JB jeba axio gl g axmio 2l (5,105 )L

PlaB 9 PNt S sl sl 4wl o)lsen oo
i 5 i sla s ol 4Bl e sty 55

2513

doude -1
P> A o ,8dn aie (SWlSs ele Jds 4 S sl LSl
abo (g ooz aiile calizee mlbico jo wijls a5 (6551 Qi Sy
Sl awais g olge oS5 0 s ol g &1L s (5,0 o lgen
L ol o) [2-4] siciises g 1) Siciin sl sl (Sl olgs g
Sl (S |y ooz sl le oy oS Gaman oo b
S5 b a8 gl Laze o [5] ol 5l 28,5 oSN b St (sl il
Az pgar 4 (Sl oler Wil co (igd oo ddg oiali8l cS Ll
ansbandls i Side slolisle 4 Cod 5540 55
5 Gamdw ol Qllg cw)p 4 [6] G 5 0005 Lail dLwly (ron jo
sl baghs) opl @bl g a3ls p 6 pecly Slabid Lo )3 ooz
aalllas 5550 1y ool 0l 5l pledl b (50 5a0Y Siie JlLlo [7] o, San
ot 9 b Gl ploml 5 ol 5l ey 5 Wols )3 so0e 5 (028
G-l a0l 55l (658:5540Y (golprinn JLisle asm wsls las gl
2 [8] HhlSen § (ol st (555540 [l 4 Cand (g,
4 ol 51 3 Sl 85 sla il ol 5 b & gy
e loadlie g ol (B slag,09% (6 5b 5l Glyie
OhHlSen g (6, Kme islo)l 8 cwy 0y90 |y b LS le cpl (gesl o Slos
Py st s3biie &1y g Lo gz LI 5L 5l plel L [9]
@b e @l 5wl o (Sl (s oy p & )L2S s
W28 S dwlie g 5lwads 5l ol

Sl 5 (lealde 050 4 a5 St gla)lisle rizen
Soere sl sl cos SLSs ples Bl 5l aigd oo 2k
Elosile o balw go5 ol 5loolawl ¢ Lo cpad 4y caiiws (5,5 sl
2 10] cslad 3 )1, 8 dzgi 0550 (651 3l Glgie 4 Lidlrs slal3l
sobiie 4 1y guuas oliealuds sl [11] oK 5 SSI5 Ll (yaon
A il Bl co b laugs a5 wsgel (b ojle (Sl o Sles ol
7 @ s p 9 5La8 Ggasl bl g 5 WSSl SLM 3 S8
es—ar dn o Slle pler (ol edlidus sla sl sl lid (goas o
OhlSen 5 gk SOV i)l Jsare slojlislo 4 Cod 620 551 @i
SLS (s, Ly csmin sz s | sz Sbol8 St 50 [12]
5l ey 3l e g a8 Ssbialas (6,108 )L cow 9wl
Pler colasy Jlisle a4 cos Lol 5 el a5 wols Lis o jloges
oele L 13] ol o Sols o)l (6 g dlne plSoxwl o (Sl
b g St JLBlu o Bl sla s sl 4y jooe sl s (0,8
o931 plal 5 (talEleslo Gk Sl b Lo adsi 5l ey (o150 aledes
aS aes glad waile goue 5 028 @S g,y g Seoliolas jlad
5yl adel sl 4 cand (g Soslhae (65 plods (ol Jlisle
Smio glo,limls gloil Bym0 g 5950 4 [14] o, Sen § S5 Aidos
Ples a1 bzl ol g aisb y 3 gl Sl o sabasllas
o= 5o eadiplol Wlalllas dslin Ly aS aisls )18 avslin 5550 (SOl
o S GLslS g (ol ealades sla b (5 0 4 Dlg o0 059>



V9D o Ld)

Am;a)lc)l;ks)l.):)bhmulb)ixhsﬁl-d:ﬂm;fh‘."'a}.sbo.).w).xks)}u)ﬁy)h;huks)ﬂ)ﬂu.x;ur/u,d):d@h

J26] ASTM D1621 st 5ol jLzé 03] ploml jokate 4
-1 JSCs sllae i Joe TOXTOXT0 olayl 4y § (cxSo & jo0 4 adigd
S 0 e e 0.8 wiged ol 5o boo gy pled s cewl o0l s 3
Cawloals 4z 8

S90Sl L soleiin JbSl 3, Shes anlio jolais
igei ol Ly 92 JSi by Billas cwiis Slasein b (5 5545y ¢ sl
el 00y b G, el byl b g e L 70X70%70

4.5
®
o
Front view Detail A
Scale: 1:1 Scale: 2:1

Fig. 2 Traditional honeycomb geometry
St (5955 (ewain 2 YK

Laigei colw -2-2

5o iy (5,0l G aS FDM g, a0 ool cole Gk 5l ladigel
SeSY s oole gy ol 50w 4l Wyl ce wlue 4 0y g cSle
093 230> Gk sl Bbior pdcn B Cenj pleS Sy oS s
Ol 3 09t adsi Sl 0 00 aslaB b 0 S o0 )5 o2 (55, VAY &9
oolaiwl Ladasges el cga 055 puls Jow (gamdn it 5 5l asllas
sl 88l O o 4 Olahad WSS colu 5l (6,58l gl canlons
Samdw Joes 3D SIMplify gow aw 2o, waass 38le 5ol
1 Jgas 10 a8 abges ;o ol olass Sleadas Jloel b g 00,5 ol
‘)Lua.) 3 J.i_w » aS oais el oolel 69‘;9’):‘”" J;ls ‘Cmn‘oo.i:ob)ﬂ
abaisle ESUN &5, PLAF Caadld b aSe diges 12 .ilons ools
ASTM D638 »,lailil b gilae PLA+ slge Sl olss 28L sl
Slaskis 3 5 s5lm a4 UK Gllan iS50 slatigas [27]
ST SeiS Ceod g andaizls gomdan 5wy dbdiges b LS
WOgu o oonlive 2 J,}.;BS S0 gi C‘il“" aS 8 518 6 90

Fig. 3 3D model of Specimens in 3D simplify software
3D simplify ,l53le 5 10 baigas (gamaw Joo 3 JKb

3 Ol gy cul 5l il (65 loda cudil g )b Jeod )0 alacasgaze
loyiny S8 Sk ;3 35750 slaojle 5l 65050 b w36
S 5 455 e By (S ol b g slo il e 4
Sl So Sl gl o ile @ pe die ool ) ] Al lo
ol o SIS 5L 51 oLl L s SLolsS 559055009
35 e S 4y ol Djgo an by Jolu il sl ol o casloas
sl S 55 L da sl JLs (slolab (izan sl go ialS
s 30 5 was il @5 5l0de (Shy s Slke olss 5 ity
s byt ol jo g cnl o Cwlodd w)p Siotio LSl )5 pgd
Soslinl Ly amans jip SoS b g 5 205 (55l Joe LS 15800 5
S8 Solialacs [lad faesl cod aalsl o g woazsls PLA+ cudls

8518 aglie 5 (bl 0590 Jolo gl g w88

& andlae -2

Baiges o>b 5 ylisbe dwais -1-2

W1 S gollae lo K31 S 51 a5 plel (659058 ksl (gawasn
LSS 5 ety bontS b alopd slosbe o wilios
PV el ol 5,5 o IS5 el slymn s o] o 5SS
95 om Jlail blas opizen 50 )13 wslodal 3,0 5l a8 as b olacl
ool S50 5l a5 elad s (g5, 5 Y o)l bslas o X lize s
Jske ol azies o)lie 508 (rz bas 4 G plipn bghas ols 13
«=24° Yo=8.7mm Xo0=8.7mm ;5o 4 il ,ho (545,
5 el sy (sla Jsb s i 355 0n i B=120°
SEELe o Luly (rren 50 Sjlaoe |y ojle Sho as e (e sl 5o
Sl gam 4o lp Sgpe0 YL Ao d0e glad 2alS L SbolS
SrealaSee (b s2al8 W, (2) 5 (1) Jsep Billae lashe

S

Detail A
Scale: 2:1

(b-<)

\_/ I \

Fig.1 a) Sunflower inspired geometry b) Square section of the structure
03,95 i ehaie (0 ol SIS 31 4285 lell 5 pguialY i (1 1 JSC5

b (g2
Xn=Xn1x0.7 nzl (1)
Yn=Yn1x0.7 nx1 (2)

2514

<0)940l8 (5 )9Ud 9 pole Ay s



<0)940l8 (5 )9Ud 9 pole Ay s

Ob9d pw Ld)

Azma)lc)bé)l..\f)bMulb).fabsTJfﬂm/\ffh‘"fﬁsbb.\.uu).xks)}u)d.x)‘)la.;huks}/uh_:.\.;k;)q}d)mdalh

Ped G5 9 wslu-3-2

b g ogdioe Gy oY JESle JI (slad )3 i 99 (Ul s
Ol G5 L ogis smoter Of omily Sz 5 098 il Cools 4 az g
SO Setalas Las geel 5l ol @l )3 594 JlSle &
el sl ey anl GRS lad plSoeial 5 6551 Gdz Cosls 09
ISO 4 Polyol Rand F 4109 seole 59 «gomds iy Jaugs ladiges
Lo o 2l e L ool (bt 2555 Jyame PM 200
Soiony il gol By b S A Lol e el gl K008y
Eori 500l Jawis 0ole,§ 1aSTy (booole 0 4l wiz 5l G abadlsl
Bio 5 53 L sl o B (5L (0 b S o 38 oSS &
Oegred Kadoslsl pgd b oals y (6,90934Y laLislu o Lol sla sy
Sl L amye e i p 55k 572 SIS Ly (oSe pod e 90
5 ey U Sl b coo g abaislo i Ls 70x70%70
J9o20 098 (plralr =950 Jloged 5 @ls &S S 515 aids » e e
Db s 0dplie 6 S 43

slsh psd SlSe (Pls> 3 Jguar
Table 3 Mechanical Properties of PU Foam

G o sleadlie 1 Jouo
Table 1 3D printer parameters

Jlade colo sleailge
0.3 (mm)a,Y elis )l
210 (©)J3b sleo

50 O)olz azio slos
334 (mm/s) oy Cee s
0.4 (mm) J3b s
1.75 (MM) caedls L

o5 555l i ) ess il o Sz | .
T3P S >
(KIIKg) ud (Kg/m?) e
2.7 53 57.2 Obsls psd
25
]| E=EsEss - PUFoam 1
Bk PU Foam 2
2 /
[ /
I /
1sf /
‘i. i TR /’
X L / \_r‘_‘-’_h\.m o ’.’
st o " . . -"
w [ “, s T e
14 [ "..’
B !
2
[ {f
05 /!
L !
L
L7
/i
0.i...l....l....l....l....l AN UYL [ PR e
0 5 10 15 20 25 30 35 40 45 50 55

D(mm)
Fig. 6 Load-displacement diagrams of Polyurethane Foam
OUslsk psd plrale—g s e 6 S

7 JSs 0 a5 ouds oolel sladiges g8 3,5 9 ladiges Sl 5 us
A le Sy 5 (6,I0505 (6, l0Kab jo gt g el o ools ol

Cosloads 03,514 Jgaz 10 o] b a5 wad (35 «s pdsds o ols>

2515

13 S
S |2
1
19

Fig. 4 Tensile Test Specimens

255 ] slnaiza d S5

60
| | = = = - Specimen No.1
50| - Specimen No.2
Specimen No.3
40
P

Stress (MPa)
8

n
o

R O T LI S T P Y [ e |

10

1 L
0 0.02 0.04 0.06 0.08
Strain

Fig. 5 Stress-Strain Curve Of PLA+ Specimens
PLA slodigas 25,5 -5 Jogai 5 JSi

PLA+ slge  SlSe olgs 2 Jgua
Table 2 Mechanical Properties of PLA+

Jsoe S pekes plSoeal Sz slye i
(GPa)ssl, (MPa) s (MPa) (g/cm?)
271 37 334 1.2 PLA+




Ob9d pw Ld)

Azma)lc)bé)lﬂ)b_mul.)):xbsTJKJM)ffh‘.l“a,sbb..).w).xks)}u)ﬁy)bhuks)ﬁ)ﬂ._:.\.;ur/u,d)z;é&l&a

Table 4 Specimens Coding

baiges 5 350S4 Jgur

(8) v Sy o)l (Byme il
80 P98 9N (S (5 9545y Hexagon Honeycomb Empty HHE
110 ped boady S (5 5 4y Hexagon Honeycomb Foam Filled HHF
73 pg 9y oo, Slsl 5 5l aid 5 sledl (g 9m 54 Sunflower Honeycomb Empty SHE
102 pod boads p oo, SlsT S 5l a8 5 pledl (g 9054 Sunflower Honeycomb Foam Filled SHF

o g i -3

-kl Skl s lad eesl 5l oads gl sl Sleale—g s e
an )lid Jloel b ol 08 gotpends 4>l g0 4 plyi o0 |) S o
JSb et o pomge pIg Sl JSL etz ol (St i le
J=U (552098 L g 39-bo0 €955 03l (b5 9 ol Sl S5
Sislw (g9, 0ad plosl LS L olyy Jloss ol o) o il oo sl
Semin 3l g ond i (65, eojles mled o515 51 L3 b abmls
585 g0 dnsline (3) alaly el 45 355 so sisl

EA= fod f)dx ©)

amio | gy (55lwod pid Fwly -1-3
2w Al 69ei 12 pn ploalr -5, (e oLad el el 5l ey
Spdtryd 3, Shos oy g 5 090 oaalia 1259 S0 0 o8

8518 ey 990 b loges

Srda o b5,H2-3

sl Siiw LSl 35« 2lsp Caiio dile gt it oo )5 5o
(6355340 a5 0, St duglie glyy abl o Yl Capas
(8) Js— % il calraleg e (Somio (ol a5 6551 i ailge
Slere Olsie an Glgion 5 oad w0y ole O o 45 95 e iy
28,5 k0 e oy o sl 55 a2l sl el

70

20

8
LU SLISLINLELEN WLUNLINLEN B UNLENLEN BN L R N I LN N

10

0 1 1 1 1 1
0 10 20 30 40 50
D (mm)

Fig. 9 Load-displacement diagrams of specimen HHE
HHE |Lsls olbals -5 oo 9 JSCo

Fig. 7 Manufactured Specimens
odbdiSle gladiges 7 S

Sl LA (ign3T -4-2

2 St )3l 58 oz 69y 2 (Seibiulacd silues 28 sl iales]
31 oolitul b (@ges 12 NS (g5 1 (6l diges aw) amio 5l )5 (5L
sl 50 (5guishS 10 il cud b L Zwick-roll Z100 (5031 olSiws
o0l ;8 olSins ol B (55, » Aigai B S lao a5 A plos Lage
5ol ce b (Sbivlans Llps slo)) (sl S e amio g 3580
L 1) 559574Y diged 9 O3S (00 &5 1> (ml Cronw @ 4835 50 e e
bwg Ggail ol @l ams oo )18 e cov ol 05T 4 e,
Sgdige Jol plrale—g i g B o ol 4y Juate g4l

Fig. 8 Zwick- roell z100 test apparatus for quasi-static test
ol ;0 diged (5,518 (o9 5 Lid yge3T oK 8 S

2516

<0)940l8 (5 )9Ud 9 pole Ay s



by Loy Azma)|C)L;é)l.\f)b_xzaul.)).fabsTJf)|A;.s).ffl.l‘"f}sbo.\.uu).xks),u)d.x)‘)h;huks))d_:.x;uf/u}d):uda]uga

EA
SEA = o 4 80 .
; [ | = = = = HHF-
sy s . Sl . . OF | v HHF-2
Gas=5a5Y LSl (5 M 5 6551 @z Glie EAYL Jga )8 0 a8 ¥ HHF-3
I 7,
5 ailie gl (oo ailie CFE (Sucad (5550 003k (izme il o0F ew ¥
C \ 4,17
sl os (650 odle Site Hsle jo Saso,s ply 0 Cowglie o) of e A7
) - - C [ L} -
Sgbies i (5) Joorp b oS s FE \v Y
¥.405‘ EE .5 H[S‘ """ 5 _,',."”I’l
uw E l.:' - - :
CFE = mer 0k 3
PCF (5) - I-'
b
(S5 5o MCF Ly (S 53,05 003t CFE Wb 5o 1o 5 3
@l s oS ably diin (595 elgl PCF L g geitiss alaly S 10}5_
D9 00lil (B) Jgo b 5l e olrale—g s g sl MCF apuloe ol 3 . : y . g
0 10 20 30 40 50
D(mm)
1 pd EA
MCF = Efo f(x)dx = il (6) Fig. 10 Load-displacement diagrams of specimen HHF

HHF [Lsls olbal—g,s oo 10 S0

S golid (6,108 L cox 093 adsl £l as )0 80 sgus U aaigas

<0)940l8 (5 )9Ud 9 pole Ay s

70
U oSl j3b 4 Laojlw (bl =95 slalogei 4 do g b ooz S -
. [ | = = = = SHE- Ey
L loged jlade cul 5l uy 5 28yls (@50 iz SUlg e Lo 46 (S0 ,08 BOF | e SHE-2 2
a0 Ol 5o jlacie ol 5145 WS e Je Colis g o 4 0L oo C ?
039 slwosls ool wl Uy cplplss 0gh oo oolaiwl ([ So,u8 Job lgie 0
Jsoez calrals —5 5 losei 5 (6) b (3) slowlrs (sl Jgard « Lo sl -
—~40F
iz g 65l iz aSle s pdia e sladdlie Sb5)l e Sgges C D S I
N -
Cesloads &) (Soctd 9508 033k 5 055 535 = 30f
Spdvays sloadse5 Jgu 20F
Table 5 Crashworthiness parameters E
SEA EA PCF CFE s 10
(KIKg) Q (KN) %) Sl
21.2 1697 49.9 74 HHE 0 ! ) ] ) )
0 10 20 30 40 50
18 1976 59.2 73 HHF D (mm)
22.1 1613 43.6 80 SHE Fig. 11 Load-displacement diagrams of specimen SHE
17.39 1775 51 76 SHF SHE Jtsle olalog s  gois 11 S
80
sgbie an 6)lid L S ol S S 5 98 0978 ol il o SHF-1 5
. o J N (1] S IRITTTrrere SHF-2 it
Lotsbe ez o 518,13 S 0l slogg cosal (655 G (o) SHF-3 fi
A e i iz sla glraly [0 (Solilas Lid eesl plSin 60 3
las ‘.JJ_'Sé_,e )|JJ' 6)L:2.é Lg)u\f)lg Cod (69 545Y da)'La as k5@&.2.41: i
Al G el &5 LK g ous Syl IS S0l ogle

-
S
Ay Egmi Sty JSi s Al a4y 0959 Judo @ 05l gl Sl X 40
. ) . L . w
JoB 8l o wiS o Jom o5l 4T 1950 9 IS o0 (A3 3 5 (59,8

LI B e

o il Cglie 4y az g b iny olals Jlesl b ogd oo slaba>de o

L oS e )-S5 1) 095 (Japsogne ws) (plrale—g s jlaged ats > !

o 8 Jlael b b ol 0 sy 955 ol oS5 4 ojls a5 _olSim "

Ol 39 a8 oo e Solai o oo 4 0L i b g5 5 00 o o5l

Sl 3 13 JSis glhae cutls walyss (5,5 wde ollsi ol o5 I : r—"

30
D (mm)
Fig. 12 Load-displacement diagrams of specimen SHF
SHF jLsle olalg,s poxe 12 K0

ST 6 g ool £9,8 YU 5l (58,65 0z w0ylgss adsl (iileS” 51wy HHE
a6 [28] el guims o HHE JLslo (ks ol ol o aslsl JolS
9 (6 ey aY (Saie s wls s glalas o ,wlSIl ol oo

2517



Ob9d pw Ld)

Azma)lc)b&)l..\:)bMul.)).fabsTJfﬂm/Jfh‘"'a}sbb.\.uu).xks)}u)d.x)‘)b;huks}/uh_:.\.;uf/u}d)m@h

o Comd p2 (S 5 039 Silmpad STy e ) g8 JelS bl
sanlin 14 513 sl S o a5 o bolan sl oo Lialidl ofj] s
GRIL e o Seie Sl slad B (sl psd jea> 09 o
2 Gl g g Ceam a (90500 Slaolens (LS Cusly (5,88
Od 0,5 b RS pgd (50,88 pllin 1) 958 o0 00l 03,88 lisle
booylgns LS 5l Bl (ol S5 (slad Judl 5 JBs alidl
59 Cnglio il 8l o £g S50 pod a5 398 oo SIS o 4 Jsle
Slaassed Jogal 4 azgi b ogd oo (555l @i Gl g (Sabs S pln
SHHE cla iU 4y o Szl 2l 51,38 51 s SHF 5 HHF
ol ecle a5 0t o a1y 6,50 (59, <l 4l gl 5| o SHE
PR O)ls 4 vpai ploie St )Ll gaes ;5 p5d 9> Gl o
St 958 0Sibe Gl el St L3l o (50l psd 525
3, 55l Qi Cwols Gl s log Coenl a5 358 0

S9d Ol Olg o0 485 Spge b))l 5 18 1S sla St 4z L
J5 5183 eyl (5 y55500Y (golpitiy 3L o 5551 Qi &5
ol yod (suoy0 4 ulidl L (i (6900540 jlSlo 4 Conns o Kol51
P92 5l Sl o ol JUSLe )3 (Sue) (59508 033k rizmes
Sgtp Sl a5 Cwlails (2158l as 0 6 pgd g >y g 0o 0 3
G5 ol = ogdle il oo lods sl 5l (6, sl> o Lsle o Sles
S5 iz 600,016 510 alidl cel b sbe o JB slad 0o
5 5hass S eladl (g p9s5a¥ sla bl o (Satd 9505 (e Kle
Pydse (s 8553 5 1o Sl

D=0mm
Fig. 13 Deflection mechanism of specimens a) HHE b) HHF c) SHE d) SHF

D=10mm D=20mm

Sl )3 a8l s BLET oo jlps phate (59,93 (mz ©j9e 4 NS0
S sn £9,5 0jl 20,0 50 3ga gl |5l S8 ot 5 (Sabs > HHF
Oleyon g0 (ALeS Lo (g, Seomw 0 Bk 93l mojlgns il
s 2olol (s 0515 4 ey B g 39800 £98 SnSE g (59,95 0
ooy o a5 _aslaSh Izl s)led b Jleel s SHE LSl
9 985 plal ool Jloel )b ply )3 1) 995 Cuoglie wdl o ST (s390s
S B30 Simps s 5 eeSd vl 90,5 50 g glasyf 5 YU 5l s
Ol Seem Sl L g YU ) (50,88 (olula polai b 4 090
Ol 5l dgame Ojso a5l iileS SHF sl (o .0iS o oy el
2 b S gl als el Sl (0 pg8 jea> 5 098 o0 £9,0
Sbse aslol by Slosle (325958 )Lid Jlasl polas b a5 355 0 03l JS
D9l e odaliive LSl (1ol )3 (G350 (g0,l9ms IS (WS (rizren
S s (6 th Ceaglie pp L ot 1 cata L ln sl
3525 Sl ) O e a5 Wl o8 g slaaiged ay e B0 >
Pl o a5 3508 ol SLS L loojlgns JI> (6Lad (55 (sl ks
03,18 o (55, Jrlsce )il Ly pyd olomler Jlasl b jLad (505
Lo gz (6l (glooisS i i oo a0 oy clid JUil b g o9d oo
oSy oloul> o SHF g HHF gl lis Lo 13 IS gillas oS oo Ly
a2 ) § S g Fogae JSO 505 SHE s HHE (slojlislo 4 oo
s sl plSmtal il 51 ol 45 aisS e
@iz g plotal Gl p ogdle Setn LSle i ;S pod gl
Sl Lad 0gnaS JuJo 4 45 098 0 o LS (59 Gl 4 mte (655

(a- )

D=30mm D=40mm D=50mm

SHF (s SHE (¢ HHF (o HHE (wll sl sl S8 s (g0 13 S

2518

<0)940l8 (5 )9Ud 9 pole Ay s



3)940l5 (5)9US 9 pole &y puis

V9D o Ld)

a=ao )l a)l'; 6)|35)QMU|A)LUL§TJY)'| ais )5 ["L‘t" 'a}.sbo..s.d;).: So98) &Y plialw Gl mda (S s =5 asllbe

SEA(Kg/KJ)
25

~N
[y
%)

20 Z

15

10

SHE

oot

HE

88mm

Fig. 17 Bar chart comparing the SEA of the SHE and HHE Specimens
SHE s HHE (sladisei o5 (53,1 i (stumlio slalis jloges 17 Sl

- / .
=
;z %ﬁmp{\ %Hﬂed

Fig. 14 Specimens after compression test
SLid gl 5l e aiges 14 S

o /

Fig. 18 Bar chart comparing the CFE of the Specimens
diges (Fugd (595 035l (smmlio glabuo jlog0i 18 b

&S i -4
o OIS 5 5 as S el (6,954 waz Jlisle pol> gaallle 5
)l Stz 5 iy 55l gladlr sais 3 eslii ] slaie
4o L ,slsh psd Al eimen 28518 (Ssliland jlas cod o Shee
c5 55l 23 e 1 s GlaliBle jo 00l gools lgas
059 (855 wdz sk Cdz (6551 FE s 0550 5l (61T
logy] 4 oliiwl b a5 wiads gl sewl Giolesl @l 5l 6 pduas o sloadlss 5
geiglye ) nj gls Olfos b)lisbe (555908 9 S8 et so52
Fohass pldl oY JLSle ohy il Qi e
oy A Gl i (6 ye0aY Jlisle 4 o ol SolsT
ls
5l as s el e LSl (Sod o ek @
P8 5l Sl 5o (i s Sl a4 S S8
onmsplis a5 ety gae;s 69 3 Gl gk e s
il o wlolay jo dabloe slas )15 50 T (655

2519

Fig. 15 Bar chart comparing the EA of the Specimens
lodigas (55,lmdz (samlio glabe Jlogei 15 b

2 /
© /

Fig. 16 Bar chart comparing the MCF of the Specimens
loaiges (Sarad (5555 (Sl (semlio (slalia )lo503 16 JSi



Ob9d pw Ld)

A.zmo)|C)l;k5)|.\f)b._x.z:ul.)):xhsTdf)|Aas)fIOL;‘”fﬁsbo.\.uu).)6),u)my)Lahu6j/u|~_>.\Ak;).)3d)xAﬂlba

[12] Bai, L., Gong, C., Chen, X., Sun, Y., Xin, L., Pu, H., Peng, Y.,
Luo, J., “Mechanical properties and energy absorption capabilities
of functionally graded lattice structures: Experiments and
simulations,” International Journal of Mechanical Sciences, Vol.
182, pp. 105735, 2020.

[13] Wang, P., Yang, F., Ru, D., Zheng, B., Fan, H., “Additive-
manufactured hierarchical multi-circular lattice structures for
energy absorption application,” Materials & Design, Vol. 210, pp.
110116, 2021.

[14] Qi, C., Jiang, F. and Yang, S., “Advanced honeycomb designs for
improving mechanical properties: A review,” Composites Part B:
Engineering, Vol. 227, pp. 109393, 2021.

[15] Tan, H., He, Z., Li, E., Cheng, A., Chen, T., Tan, X,, Li, Q., Xu,
B., “Crashworthiness design and multi-objective optimization of a
novel auxetic hierarchical honeycomb crash box,” Structural and
Multidisciplinary Optimization, Vol. 64, No. 4, pp. 2009-2024,
2021.

[16] Najafi, M., Ahmadi, H., Liaghat, G.H., “Experimental and
Numerical Investigation of Energy Absorption in Auxetic
Structures under Quasistatic Loading,” In Persian, Modares
Mechanical Engineering, VVol. 20, No. 2, pp. 415-424, 2020.

[17] Shafipour, M. and Ahmadi-Brooghani, S.Y., “Numerical and
Experimental Study of Energy Absorption Amount of Functionally
Graded Honeycomb with Negative Stiffness Property under Quasi-
Static Load,” In Persian, Amirkabir Journal of Mechanical
Engineering, Vol. 52, No. 10, pp. 697-700, 2021.

[18] Parvaresh, M., Ahmadi, H., and Liaghat, Gh., “Investigation on the
Energy Absorption of Elastomeric Auxetic Structures in Quasi-
static and Impact Loading,” In Persian, Journal of Science and
Technology of Composites, Vol. 8, No. 1, pp. 1431-1442, 2021.

[19] Zamani, M. H., Heidari-Rarani, M., & Torabi, K., “Optimal design
of a novel graded auxetic honeycomb core for sandwich beams
under bending using digital image correlation (DIC),” Composite
structures, Vol. 286, pp. 115310, 2022.

[20] Esmaeili, A., Karimi, M., Heidari-Rarani, M., & Shojaie, M., “A
new design of star auxetic metastructure with enhanced energy-
absorption under various loading rates: Experimental and
numerical study,” Structures Elsevier, Vol. 63, pp. 106457, 2024.

[21] Gharehbaghi, H., Farrokhabadi, A., “Experimental and numerical
investigation of the energy absorption capability of the bi-material
lattice structure,” In Persian, Journal of Science and Technology of
Composites, Vol. 9, No. 2, pp. 1976-1982, 2023.

[22] Andrew, J.J., Alhashmi, H., Schiffer, A., Kumar, S., Deshpande,
V.S., “Energy absorption and self-sensing performance of 3D
printed CF/PEEK cellular composites,” Materials & Design, Vol.
208, pp. 109863, 2021.

[23] Molatefi, H. and Mozafari, H., “Investigation on in-plane behavior
of bare and foam-filled honeycombs in quasi-static and dynamic
states by using numerical method,” In Persian, Modares
Mechanical Engineering, Vol. 14, No. 15, pp. 177-185, 2015.

[24] Farrokhabadi, A., Veisi, H., Gharehbaghi, H., Montesano, J.,
Behravesh, A. H., & Hedayati, S. K., “Investigation of the energy
absorption capacity of foam-filled 3D-printed glass fiber reinforced
thermoplastic auxetic honeycomb structures,” Mechanics of
Advanced Materials and Structures, Vol. 30, No. 4, pp. 758-769,
2023.

[25] Yan, L., Zhu, K., Zhang, Y., Zhang, C., & Zheng, X., “Effect of
absorbent foam filling on mechanical behaviors of 3D-printed
honeycombs,” Polymers, Vol. 12, No. 9, pp. 2059, 2020.

[26] Standard Test Method for Compressive Properties of Rigid
Cellular Plastics, ASTM Standard D1621, Al, US, 2010.

[27] Heidari-Rarani, M. Ezati, N. Sadeghi, P., “Effect of various
processing parameters on tensile properties of FDM 3D printed of
PLA specimens”, In Persian, Journal of Science and Technology of
Composites, Vol. 2, No.7, pp. 855-862, 2020.

[28] Alexander, J.M., “An approximate analysis of the collapse of thin
cylindrical shells under axial loading,” The Quarterly Journal of
Mechanics and Applied Mathematics, Vol. 13, No. 1, pp.10-15,
1960.

a5 ooy S i (5,55 HlEle a4 cand ol Kkl
o oAl iz g Grdiae 0 S o fles 0 gage Jole

wasl
ol Wlpoe sl pd b oY Goile oo5n @
5 o SopiaY sla il (ue,5 16 6550 Dda l
ST 5 51 a8 S ladl s yssaY samys 10 Sl
abanles (6)s05aY A ol jiuli8l cely a5 0ed

@ S pgd b ooddy bl o (Sond o (Sl @
ol Al (600,016 5 10 158l pg8 e sl lislu

S5 K S 1 58,5 el s (solgii o IS sl 4

s sy LSl 4 Lo 551 Qaz 05 50 (5 9 ,Shee

2922 Geizpad 53l O] Sl (el (230l Corio o Wlsige 5 00

slaop)ls )3 Sleao alS 5 6551 i g ploxiul Gl el pgd

baslys (6550 Ode

&5
[1] Gibson, L.J., and Ashby, MF., “Cellular Solids: Structure and
Properties,” Cambridge, Londan, England, 1997.

[2] Sahu, S.K., Sreekanth, P.R. and Reddy, S.K., “A Brief Review on

Advanced Sandwich Structures with Customized Design Core and
Composite Face Sheet,” Polymers, Vol. 14, No. 20, pp. 4267,
2022.

[3] Zarei, H.R., “Experimental Investigation of Energy Absorption of
Aluminum/Composite Hybrid Tube Produced by Tape Winding
Method under Quasi-Static Load,” In Persian, Modares Mechanical
Engineering, Vol. 21, No. 1, pp. 55 -67, 2022.

[4] Sarkhosh, R., Farrokhabadi, A., Zarei H., “Crashworthiness
characteristics of composite cylindrical energy absorbers filled
with honeycomb and foam under quasi-static load: experimental
and analytical study,” Journal of the Brazilian Society of
Mechanical Sciences and Engineering, Vol. 44, No. 8, pp. 346,
2022.

[5] San Ha, N., and Lu, G., “A review of recent research on bio-
inspired structures and materials for energy absorption
applications,” Composites Part B: Engineering, Vol. 181, pp.
107496, 2020.

[6] Ansaripour, A., Heidari-Rarani, M., Mahshid, R., “A review of 4D
printing of polymers and polymer composites,” In Persian, Journal
of Science and Technology of Composites, Vol. 10, No. 1, pp.
2147-2165, 2023.

[7] Qi, J., Li, C., Tie, Y., Zheng, Y., Duan, Y., “Energy absorption
characteristics of origami-inspired honeycomb sandwich structures
under low-velocity impact loading,” Materials & Design, Vol. 207,
pp. 109837, 2021.

[8] Li, R., Zhao, Z., Bao, H., Pan, Y., Wang, G., Liu, B., ... & Li, J.,
“Bio-inspired  honeycomb  structures to improve the
crashworthiness of a battery-pack system,” Engineering Failure
Analysis, Vol. 158, pp. 108041, 2024.

[9] MojaveryAgah, H. and Asgari, M., “Developing a new functionally
graded lattice structure based on an elliptic unit cell for additive
manufacturing and investigation of its properties,” In Persian,
Amirkabir Journal of Mechanical Engineering, Vol. 55, No. 4, pp.
97-100, 2023.

[10] Seharing, A., Azman, A.H., Abdullah, S., “A review on integration
of lightweight gradient lattice structures in additive manufacturing
parts,” Advances in Mechanical Engineering, Vol. 12, No. 6, pp.
1687814020916951, 2020.

[11] Zhang, Y., Chen, T., Xu, X., Hu, Z., “Out-of-plane mechanical
behaviors of a side hierarchical honeycomb,” Mechanics of
Materials, Vol. 140, pp. 103227, 2020.

2520

0359405 (5 9US 9 pgle &y jubs



