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This research aims to experimentally investigate the energy absorption of thin-walled lattice
tubes with a square section. The walls of the thin-walled tube are made in the form of a lattice
with three types of cells: re-entrant auxetic, semi-re-entrant, and conventional honeycomb
structures, and the material of the specimens is considered 304 stainless steels. All three
types of lattice cells are produced by the rotary laser cutting method on a conventional tube
and are axially compressed by a universal test machine under quasi-static loading at a 5
mm/min velocity. The test evaluation parameters are initial maximum force, mean crushing
force, crushing force efficiency, energy absorption, and specific energy absorption. The
results show that the thin-walled tube with the re-entrant auxetic structure has more specific
energy absorption than the other two structures. The specific energy absorption of this
structure is 25% higher than the conventional honeycomb structure. The semi-re-entrant
structure has more energy absorption and mean crushing force than the other structures. The
crushing force efficiency in the conventional honeycomb structure is higher than that of the
other two structures, which has a value of 85%.

Keywords Auxetic, Semi-Re-Entrant, Specific Energy, Thin-Walled Tube, Quasi-Static

CITATION LINKS

1- Energy absorption of structures and ... 2- A new bi-tubular conical-circular structure ...
3- Experimental investigation on the axial ... 4- Dynamic crushing behavior and energy ... 5-
Auxetic materials and their potential applications ... 6- Foam structures with a negative ...
7- Dynamic crushing strength analysis of ... 8- Plastic analyses of thin-walled steel ... 9- In-
plane dynamic crushing of re-entrant ... 10- Dynamic crushing response of auxetic ... 11-
Experimental and Numerical Investigation of ... 12- Crashworthiness assessment of auxetic
... 13- Zero-v cellular honeycomb flexible skins for ... 14- Hexagonal honeycombs with zero
... 15- Mechanical properties and energy absorption ... 16- Effect of auxetic structures on
crash ... 17- Deformation behaviors and energy absorption ... 18- Crushing performance of
auxetic tubes ... 19- Energy absorption of square tubes with ... 20- Investigation on wire
electrical discharge ... 21- Materials for additive manufacturing. 22- Mechanical properties
of foam-filled hexagonal ... 23- The effect of CO2 laser cutting parameter on ... 24- Low-cost
laser cutting fabricated all-metallic ...

Copyright© 2020, TMU Press. This open-access article is published under the terms of the Creative Commons Attribution-NonCommercial 4.0 International License
which permits Share (copy and redistribute the material in any medium or format) and Adapt (remix, transform, and build upon the material) under the Attribution-

NonCommercial terms.


https://books.google.com/books?hl=en&lr=&id=wRSkAgAAQBAJ&oi=fnd&pg=PR1&dq=Lu+G.+Energy+absorption+of+structures+and+materials.+Cambridge,+England:+Woodhead+Publishing%3B+2003.&ots=KT4XtE-gji&sig=nOVPvy5m1I16qAwm0MOCmr6J-qU#v=onepage&q=Lu%20G.%20Energy%20absorption%20of%20structures%20and%20materials.%20Cambridge%2C%20England%3A%20Woodhead%20Publishing%3B%202003.&f=false
https://www.sciencedirect.com/science/article/pii/S0020740315003896?casa_token=ud9NKJeSc7YAAAAA:OtuMPbF3TXce3bp85McS7d3Sz_X51DpKJKsSYYFUrShPVw7Zwivbux4bDUtRMi58-YhKTFRm
https://www.sciencedirect.com/science/article/abs/pii/S0263823109000305
https://www.sciencedirect.com/science/article/abs/pii/S0263823117309680
https://journals.sagepub.com/doi/abs/10.1177/0040517512449051
https://www.science.org/doi/abs/10.1126/science.235.4792.1038
https://link.springer.com/article/10.1016/S0894-9166\(16\)30267-1
https://www.sciencedirect.com/science/article/pii/S0921509317300813?casa_token=j3FQY9l0ac8AAAAA:5hdPPSB7WLfwyVDygn4Sj0-1vE6UO21l2mtOcYKL-zWoMJojN93jERzvSSWkd41VTrxi-h_X
https://www.sciencedirect.com/science/article/abs/pii/S0264127516303707?casa_token=WexkrOgZOtYAAAAA:0FQ4YfBwGcO2qO-ehiTs6lwYJiJ1_IdoscAfKOUx2ltgBGq6PfI6gAMGu1Ff6dewFU4QeAy1
https://www.sciencedirect.com/science/article/abs/pii/S0263823118300971
https://openurl.ebsco.com/EPDB%3Agcd%3A10%3A26159754/detailv2?sid=ebsco%3Aplink%3Ascholar&id=ebsco%3Agcd%3A140965722&crl=c
https://www.sciencedirect.com/science/article/abs/pii/S0264127515304019?casa_token=M9aFfhJB1W8AAAAA:DMzxKV27HdHYlqIVOlW66YureVfAASXQJG2xlKZoHU23vRJqpbqvnnH4VawXXm-ZErDm4RHG
https://arc.aiaa.org/doi/abs/10.2514/6.2007-1735
https://onlinelibrary.wiley.com/doi/full/10.1002/adem.201000140?casa_token=ko1rYTah0iIAAAAA%3A1vK3ZtxoYWu58aOzysdb_U7wSwxmJUxTb04wXIf4ug2Wlpj0ld2ZZlr8zUSvsZwA2AHsB31FE_kB
https://www.sciencedirect.com/science/article/pii/S0020740319307386?casa_token=PjogxU7Auo8AAAAA:bUGz3qYJAtiexv2pKFXC8Qbn7OD92tGo4kFQ8KiETQYbrpmp9C-eWef6iIe-NwCZXVFHbfWz
https://www.sciencedirect.com/science/article/abs/pii/S0263822318314375
https://www.sciencedirect.com/science/article/abs/pii/S1270963819331451
https://link.springer.com/article/10.1007/s40430-022-03539-2
https://link.springer.com/article/10.1007/s12541-020-00456-z
https://www.sciencedirect.com/science/article/abs/pii/S2214785322026086
https://shop.elsevier.com/books/materials-for-additive-manufacturing/shi/978-0-12-819302-0
https://www.sciencedirect.com/science/article/abs/pii/S0263822321013556
https://www.sciencedirect.com/science/article/abs/pii/S2214785318312094
https://www.cell.com/heliyon/fulltext/S2405-8440\(23\)01608-0
https://mme.modares.ac.ir/article-15-74698-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-09-03 ]

S8 dil sy g jlxi carmn YA

ohelS 95y agly GEalil b oyl I8 e (slgh-g
Sl g a8l by o JSb 4y gldlg) ST jlislu ps abise
gl didien (59585 Lil8l eaely g8 (13)5 BLSI ((gldlgl-go
9dis0 ok $5 Lix plals g

b 36 S5 s sloal) iy 4 ohiSan 5 siluhS
SIS e 555 QI plsie 4 i 5 Ganls gblie
4 SiUlas sladdg) ol (soylans aisslayy Saliwl-aus
aglj gl ol 53 ol b (559) Jole b g Sudteo wijg0
sk ez @1 5o 5 IS (s55) b Sy 5 olae
olid lodle g53 ol (595 02T i Rleie pakie
4 @3 oiz wadyb g (Collapse) (55,8 45 g 5bo a5 sl
o Jolo b SiU jlaz sladdg) yls (S ladslo coz
423 3¢ Jobo b S3U laz gl g ()liie Gjay9,8 (sl 4z
at gl ad IS GleS jles 365 Gl cuowd
Jobe dwain (Jolo 21595 Jole duw 4y dlg) plSxinl oS 18,3
& 035 ol izen 3l Sty oslo gulad el
bugie oy 5 @il Diz cadib (o Suin glady)
5 02 s (soxls Suie sladly) 4 ol b (S
L S glailgiol glaoglo 5 wis B oKen
wyge 4 glas )b el 2l b Glile gaieSy
g0 Iy 4l 0 5o VYO g /WY ey 93 3 (5340 5 (5155
il Jsbo U oo (glailgiasl sy ol 5515 1,5 aslbae
3Lt gl 5 35T ABS. iz 51 20381 4453 g, by
sy glio Ll aulit . as)S (6 18840 (0 (y905T b 1y (g33¢
OlS 035 Sl «Sudio (gllsiul diwgy 33 4 (gly 45
GS3id adsl Jolye 53 1y 651 Lz Wlgie B cate
Ay Gioliel aili y yie VWO cusyuw 33

(Auxetic)y SGST loylisle (gaso gloylisle BYS,
.l (Negative Poisson's ratio) ke cyamlgy cuwd sl
2 dgae (sliwly 33 (digd (5o 00uilS laylis Ll ¢yl 45(_,4;‘5.&
‘5154.0') PRNGEY ob)./.i}.é ﬁlidb 9 k./.w.m gy LJLA.C‘ (_;Lu.»l)
Juo 53 1 S0 B Gsde Goye Ssbgez slzs sk
b il ol e 5 il Lol b ol sl 9AY
S ilwesyiis .wT)sﬂ oslasl b aS 35 (8520 &U;T cools
5 9m .ab didle Lo eyl g Cilite ol b B duw
SIS Jlisle glamio-pgys Saed Jldy 7 oS
oo (55545 Y ;LisLw b |y (re-entrant Auxetic) g9,
aalllas 3,90 (5330 9 ()l slagsby, | Sy 5l eslanl L,
SST sl 3 5yl wis a5 wslys Ll sl )3
B oS 5 95wl (Jgamo (559585 Y 5l x5 950950
Szl b 5y0858 (533555 Y )lible (glaxiio-(g,s (S
I e (5,550 5 2t wyge by Glsase (5)945 Y
FO b Vg a5l Locigad 4335 (s Sl

VPl cdiguny] b gylodds (FF 0593

3 sladlyl 1> (635! Gz Guxd uyy
43 (ST gl gl b o S yla

. & -
$3970 (S5l o Jgame g 950095
Yol il ez < Ylad capan

g 045Ul lge SlKe olgs cliﬁ«,glnﬂ (wuls L;-"')b og)f‘
Ol ol cswsh pilyal daslgs isio olKails welilse

o3uS>

e
Suiio SiU Hlaz gladdy) (55531 Gz (yad Guy iyl ol 5l Sa
o b Saide wygo 4 SiUjlax gdg) sleeylass cwl iy ghie b
31 samo (955 4V 5 5)0ssd 4o 530958 SST Jolis Jslws g53
23 G Ubsy b Sadie Jobo 93 du yo ol 304 (535 S35 398 (i
cod Jloygiss plaleil oiws huwgs g slal S50 jlaz algd (gs5 15
(61970 W90 & By y yloslee 0 ey b Sliwl-ad (5513850
935 losily ((Saned bugie (59505 (s Ay (5900 - Nigdbs0 03,8
083l sl slsiehls plsie 43 ohg 635 @iz 5 55y iz (Suu]
St b S3U e ddgd oS s e plid s ..\Js.wu.a w)f)hn 3
5508 5Ll 93 4 a5y oyt G55 Lz igypeps SST
G955 AV HlSle @ cawd ZY0 oy (656 wds sk ool j3 Ll
bugie (5955 5 G5l LIz gy0950 de JliBle el by Glsase
33 S o glesily jlase als s jlislie 93 & s (g i
,Q;)wu 95 o 45 LT e ol ZA0 (Jgese (559455 4 Ll
—ad (S3U laz dgd ol (53l eaypend Ao «SSFST ilneslgals
Sl

VLYY bl s gl
VEW[OL8 1 gy &yl
ghajar@kntu.ac.ir : Jgiueo 68iuwgi®

doddo =)
Gl o5 e Sl gleojlu I el 55 slacl>
Sl dSd 4 apd 5l G Gduiz 55505 Glewd b JS Jass
O3y 5 oz 5l G52 Nye L W (il Sos
oS IS Jaz sladdy) ilize gyluo 53 iyl glawils
o3l ool 13S0 8 il cdtSy sloily oS )
9 B> g 6970 o Ml 5d 395 S s b (35
L4 (555« Saitody J5 4 s iz (6550 s
2 &A@z I abie 5 (o) Sue M aglaie Slpine
i (bi-tubular structure) gldgl-g5 (sla,lisle (g9,
A0S oyt ) (sa970 5 ol wyge 4 Saelins (5515850
W) 5 poriesl] puiz I S (glailsial gy sy
O} dypd 02 § SVgd iz I Sl bgyde S 4 (g
353 40 5y e Yo cygiy dlizd )5 ol gy 5 05 LS Yo
5 Uy lglgs g (slalg) i sl s, lagT b 4185
@il iz ols s @bt 035 uy posiaes]T 058


https://mme.modares.ac.ir/article-15-74698-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-09-03 ]

YO slaale b St SIU laz 53 ladlgd 53 31 ol Gaed

buogi (gam aw yiapn bl Jeese lailsinl ) 5 5509,
Loyl 2335 2Jg3 SUS3T6L 318 300 b ialid) sadss (s,
slady) (b e bld cod 5 385 dx
21 Vb ohy 53yl Lz Jseme (559855 Y 9 SuIST
350 7 )Sam 5 155 a0 i Jseme digal by dunlie
b Sie (o) dilgial dtwgy £93 95 (6351 D32 9 Ghi9s3
gy (s33ee 3 GBI glonz b gy, SWST sl
Wwgy 5 Gyese 695 A Jolw b Sudie glailginl
w1y (SILICOMB) ook Jobo U Saiden (glailgiial
03ls 1,38 asllhas 3,90 3ga2e Gledl Givg, b (53970 (613550
95085 ST sl b S glailginl diwss £93 35 o
oz 3l Gl sl gy LIy (s390e 5 Gl plosuz b
o2 p9eil @l by 33 (ilwand i g wibLo ABS
Jlos dolsl 53 .85 (6 ) et Sosiliwl-ands (5,133l i
EX S Bl wde @y slailginl diwgy e iz (s34
ol gl 38,5 483 55 05uineg) b (glacesw ;3 13)S
G Hflae ol S sldilginw] diwgy a5 sls
B (Jgase (55900540 Sduo (glilgial diwgy 4 o
M8 e 5 o393 31 4l o i To ey o Sy
—asd (8L e 1y SIS (slailgil glady) (Siu]
slads) £33 5oz Lol 10313 41,8 oy 3330 433 § (Sl
T (539855 Y 950953 SEFT lslo sz b (slalywl
3193 ol Gl oudle 1 oslaial b 1y glojuiyw 5 JInlS b
5 B SGFT clady) Swiltwad el s sl
oleaily yiehly sladie g ytien LS & olissl Gy e98 b ol
355 4 Glgame )95 Y oilw 4 cud 1y (Saned 598
ke (s i b ST sladlg) s asly sl olais]
Oiza D oy (659455 Y ojlw 4 o ohag (5551 iz
65 2de SIS lady) (ol ey o bld 5
glie 3 (gt (65 iz 5 (Samd e plesil) oy
L300l L 3g3 51 (659035 Y o5l b

33 (bod) iU iz e gladly) 51 03,18 j9b 43 059 54l
why JB s des csilegyded i line milie
oslistwl 55l Iz plgie 4 Gilwas 5 giluleglse
e ol )3 (sil i a5 0y Gle 119 39d 0
liting Ll 33l G (glols alibe U ladlg) 51 i
ol o Baiuags uy - canl oad plaxil 0T 3,50 53 (55108
S3U sz o) (65551 Dz 390 53 i dsllhe &S a0
o 090958 LIST sladslo b mupe ghiie b Sudio
3 I el oadd plail 938 U (Jgase (559535 4 5 550953
IRl iz g hiesd o9 dunlie 9 oy 4 GlesRy o
o by Jobw aw b iy ghitie b clidie S3U jlaz (gladdy)
g (0 iy SSliwl-and ngif;lg ol

Modares Mechanical Engineering

2 5eike O ey b Suiliwl-aid (1)L wod g aJgs
950808 (53355 Y Jlible oy las @l a8 I8 dads
o yieS sl (gdindion (g9 Lol ydon (5551 @iz sl
Bl ohlan 5 o adlise Ggame (5y9:85 @Y Hlisle 4
phiie s lo b Glyame (50935 4 5 9,0958 ST sl
g0 4y lxio-yg)s (Sl (5,18 wad |, kel
s S asgd LS Ly oS sl s gl 10,5 dslllae (gose
i 550090 ST bbb )3 655wz elite lislo 5
23 SR Liz iz cwl Gyese (5515 Y HlisLe
» ehiie ST Jlisle e el SST Hlsbe
Sl gy B )Sem g 5ol (Sl (551380
e (5330 9 (5B wyge 4l 9509 os) WY Hlisle
529585 Y (S (18 T 4085 uay ol cuepun 4y
ey s o slaytelly 1 ol cas 1) 5509,
2l 23ny9T oty Joloo oyl503 sl (Sl olss 9 (Sase)
S (S s I U (Fasg) (5 o5 s i
ST sloojle 550 iz B e 5 ixd . be
R8T (Arrowhead) (glepudm (3500953) wiyiial (s,
owr ) Jeeme (55959540Y ojlw g ((Anti-tetra chiral))
g snlyd byl e den (glp diged wile 163S
olis bt s el (Additive manufacturing) (o33!
iyl sy 9 ST slosim SeST (slasjlu o sl
ol 4y o (g oy (53531 L3z LAY 9 TIVF IS o iy
B e 5 osjiuwme Lijls yame (5)9u540Y
wod )y ST 98 b oad oy sladly) pisays
A0S )2 g 4 Sl b (5 y9me0 (61550
Zero ) ho oywlyy copd b s lisle B a5 gl
Sy (o505 aY Iy o g wisls 43l (Poisson's ratio
4, oo g Lea)S .a33)S (5,188 (Hybrid honeycomb)
950853 e oU b jho poulsy copo b gui> lisle
9 9 03T (820 (gasgd wygo 4 |y (Semi-re-entrant)
Y lisle 535 0 655 iz 5 SuilSe olss 1 S
samo (533555 AV 3 o Gewlsy cupd b (sl 51985
093 SUS IIL o |y g390e 5 ESl plotiz 95 b
Gy lsle o5 a3 dt oyl 088 Gy Glaxio
i )50 5l b dw ol (31 plodtiz b 3 (9435
Gir (6945 Y LSl puizen . 3ls (6,59 ohg (555
Sl das 4 o VL Kb g e (sl s390e plotz b
sy 95 » 6iH wix B len 5 el Koo
U9 b 1y 950958 (539485 Y SIS jlisle b (gl
Ly Hyese 559455 4V glailginl gl 5 Jgano slailginl
G sshie 4 puizmen A0S duglie dgaxe lizl Ui,
SIS bl b slalyinl gdls) (gaie gloand @l

Volume 24, Issue 05, May 2024


https://mme.modares.ac.ir/article-15-74698-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-09-03 ]

odlaiwl Lig VB O bails) 51 (@) Gy0 ghaie b Sidie sladls)
390 gl A day 51 o glisl g ¥ S 5|

t t
=mlu+2( )
Ore m[1+ sin9+2tan9

+m(l, — 21, cos ) ©)
+ 2R

agyo = mll, + 21, cos 0] + ml, *
+m(t X tan ) + 2R

_ [txtane_l_( t + t )]

Gsrg = 2 sinf  2tan 4))
+m(l, + 1) + 2R

H = Hpg = Hyo = Hspe
= 2nl,sin @ + nt ()

+ 2hy + hyg

syl 51 e hys 5 ds) adsS el glads R o 5 oS
53 2lg3ds o51al hy .39l se 4id)S s s el L
sdsbe pled (595 31 953 2397 Ul Sadtio o5l (Y
o5l (a5 Juds 4 izman 0l eSS (o YL Ghusxe
025 L 390 48y Y3 53 53 T (raly 53 031 ol « Sdie
5 8l sl ol Sasi 5 Saidio Joloo o owoiis cladiie
Jsb ) g2 b Gilhe mupe ghaiio b dlg) dzg S 55 (5390
L 4298 b puizen Ll oy S slagSUl glayl g
sl dg) (Ceolins g slisl glad) i wlaiuie g o
&lo b myo ghiie b gl 3k 53 39290 304 )35 S35 (53958
iyl g o kil yiohe (d) YIA cwls g (a) As
Canss yioile (H) WHIA S SiU iz sladly) ola
Jsaz 53 Siieo S5 lan sloaly) uwvsin wlauie .4l 0
ol 03,1358 (550 bl bl jglate 4y 39 (o0 camlie ¥
53 dogl YU 3 eoleisy (59,80 @s 5 Sade (sloesle
il BT gl e b ¥ S b gsllae olSasSS
B4 (sl 5 yiaghee YIA T (5e g ytahee Vo Sl Gos
seihe ¥ eladyl g yalie VEIE Job 4 e sy (Vb
53 ot sleal (sl (525 3031 olej 53 35 50 @iy s )
ol 3,8 e,y Ko iU las dg) J51s (VL B
SRl b ol 9 YU (slaBasss 5 Sudio SjU jlaz (sladly)

Higdie >hb Sygalle

VPl cdiguny] b gylodds (FF 0593

ol ) ey g jloxd cuan YOS

Sadio glocjlos il g >lb 3i])3 -¥

Y 5 5000950 SIS Joloo i 4 -1 g Al slaJSs
SQedobe 93 0al Sy b amae glid |y Gsame (55845
odaldo @-) S 55 &5 wlse ol 550955 Aot Jolw
2 phitie 2lé (il S agy0950 69455 4Y Jolw 39d 50
Jsbeo 031503 50 Jsb b sl o @l y o 350 4385 s
slegjle >hb sig) Gide ool 53 el (1) 950858 SSFT
o (HO) game (559135 49 jliz b du b Sidis S3U oz
108 a3 A1 (RE) 500950 Se3iST 5 (SRE) 500953
Sgdse obe bl cale

Sadio (slogSIl >l -1-¥

il glaegazme slayl canlipe lal i glady =Lk ¢y
A=y Jobo Guain slaytolly cus 1) S slagl
#lFee G Uy ghie @ld o1l G 13 (sl
ghswl dy) Guaia wlasde 5 Gelw (g4 slel s
2930805 SIS T Yol S glasl g Jsb al-) S 53 38
4 dgde eaalde Jolo o)lgas dgly 5 culind (Job >
G sl (g3g0e 9 SN (gLl 53 Jobo S Gaal38! 1l
S e canty 0-) IS8 b Gilhe (£lasy) 5 Job) Joke
S5y b oS sl Ghails) b Gilbe o £layl g Jsb Gal33l oliee
il sl 53 Joho M (l3l 0 13 ol o0 aduidie o3
dbasly b gl (Lyem) 950858 S5 T sladsleo b aSis Job
5593 ol (§8Suib 93 Job clitin y5b 5950 bl )
s cws @V g o) gla Sl 4 azgi LY 5 ¥ kg, 5
Wy Wil (gogae gliwly 3 Jolw n il 4 puizen
239850 gyl ¥ alaily 51 (ol (g4t

t t
L = 2
rem = M [ll + (sin@ * 2tan 9)] m
+ m(l, — 21, cos 0)

Lypom = m[ly + 21, cos 6] + ml,
+m(t X tan 8)

L _ [t X tan 0 4 ( t 4 t )]
srem = MM 2 sinf  2tan6 )
+m(l, + 1)

hren = hpopn = hsren = 2nl, sin B +nt )

e Jsb (GBSl Job oy @y Bty g ol )5 &S
4ngm ez WSbee Jhw olgny aygli 5 wels
Ghy Lgag)azg 2,5 g330e 9 (B8 Jolw slasi oyl
ghie zhuw (oye cul sl gaSud iyl g Job ey


https://mme.modares.ac.ir/article-15-74698-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-09-03 ]

YaY Lgladshe b Sute SjU ol 5515 sladlsl 4> (538l @iz e s

2(1:.53119]2) 2(t.tan @ /2)

I, 2”",# -..._“‘ ‘.-’""\“‘--. l/2
el FI TR
P il il

P EI' (N
+ 1 T I i i
T \ £ -
= \
; -------
= . i/
N ------ ) | i A

| o ] i ]

H i H H

! ' i i

I, + 21, cos 8 I + 21, cos @

(=)
t N t tan @
sinf  2tan# b 2
— L2

+
L
£ t
1+
o]

!
L/Z (I;+14)/2
(&)
t t t t

sin6 T Zwno , tano sind | Ztand

2 tanf

L/2( +1)/2
@

2l,sin@ + ¢t 2lysin® + ¢

(I +4)/2 Lf2

2lysinf +t¢ 2i;sin@ +t

!
z(E‘— 1, cos )

e

- e

2l,sinf + ¢t

-

RN
'Tsing " tan@
[(81)]

2(1,/2 = 1,cos8)

-

- ~——
_=="" 1y —2lycos8 it
4 i I

.

1 . :
== 1
----- 1 I 1 1

] i ] i
1 ] 1 1
I I 1 N
2t t 2t L
I‘+sln9+tan6' Il+5in9+tan6‘
(=)
2(t.tan /2)
22 o Ty b2
+
e
£
w
=

Iy + 21, cos®

()

Jsber S0 (2 0950805 ST Jsleo slez (2 095090 SIST Jslo S (bl S (sl 51 (led (1 S5
920953 4o sk Slez (2 5 9509 4 Yoo S (@ Jgame (5593540 Jobo Jloz (@ (gamo (55513543

&IA YVY \e £/0 A Y

Sadis oSl wsin wlasin (V Jgiz

1. \4 12 RE

AT/A Ta/4 \e £/0 A iy

Modares Mechanical Engineering

Volume 24, Issue 05, May 2024


https://mme.modares.ac.ir/article-15-74698-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-09-03 ]

Sl dl caazy g jlod capme VIA

WYIA A YIA

¥I1o RE

WYIA A YIA

Al HO

@
9 ST (2 950958 2e (il (gl b o (2b Saitio SjU > (sladlg) 51 (led (¥ JS&
Sseze 6935 Y (2

\VF-

\F.

\

NAZR

(<)

\¥F-

| .

'
—

(<9 Vb 0154,555 (W S S50 las sladdg) glysosis >lhb LsLmolf‘lﬁSJ 4 JS.&
u.ub 01)44,555

olds Jseze SiU laz dal (595 950900 4o sladslw
&slapeslp wldas 51 aey e (sojlw 0 JSUo 55 32350
5 u*éb 5 YU 064,5&3 TS 2 50 camliie (35 ealiows g
oamlio «diad dudgs CNC 3,8 oStws b 45 CK45 3Ygd s>

3902

Silbiol-dsd 18 G20 (el ¥
5 Rlralz-gn Hlased sl cuns 4 gl GuaS osesl
LS Wer Jloysais GlolesT oliis b IS s > uayys
Opde oy oSl sane SHile oKaulel 55 (g
51l 4y Saitee S iz sladlg) g9i du yo 3950 plax]

VPl cdiguny] b gylodds (FF 0593

153 334 U b el asglys -v-y
31 oskizal U lsia |y sssns slosSll 5 JICAT b ilasLs
Electrical ) SoySJl adsd o,500ile sile (ol g,
S Gy g P Caulidl wile ([20] (discharge machining
0B 3l G 53 e asd Ly S sl 127
Uy Gy 5Llse ez 1 129 ol colaled sl sl Lo
Ol YL ey g wadnS )l Sos glahyy 4 a5
ST S 3ed G 9T ol g i 5 olej nlS s 09
2ll S50 eslatwl Ghy sl 3 65x) 51 &S cwl u,gLo)f
D8] el @S (SilSo (ol 3 5 (sloyS 3l oS osls (L
31 osliial U Jpase S iz g (53 Saieo sl
$ipp ¥0ue GuilS)E 5 lyshs ¥ g3 b la 3l iy olSis


https://mme.modares.ac.ir/article-15-74698-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-09-03 ]

P Lgladsle b Sude ST jlaz 3 sladlsl 5 (3l i i

9009,

ey gl -F

&S 390y 3 sle sty g5l gl b s
28l gl bl loaile—g i jlagad Julo g aysad
181 g0 ALY B A Lailg) 3 (bl syl o

X
0
EA
_ 7M™ .
SEA ) = — )
EA
MCF = —& o
X
MCF
CFE = ")
IPC

@ (CFE g Fpep <MCF «my SEA(y EAwy o F ox ol 33 &S
2 okg 5 Dz ¢ (5l Lz agp (S Jsb iy
Sty (595 «(Sant) brwgie (59,40 (igad Sudtia cuound
wzanol (635 @3l (Sased o plesily 5 asl

Sadio (slovdlsl (515958 (509205 (uspps - F

Siio S3U jlaz gladls) cuyxi g Ghjay9,8 gy A JS 5
Jsle ¥ slls dzg 2 55 S jlaz gl yo 35850 calie
By a4 S gladsl sl (6390e Jolo A 5 8
ol 3 33 Nigdise 6Kl ol sy sladsbw (il
S cwl I3 @ ﬁ)'xl s 3929 Jelw sy cusn S las
53 el @glitie ;3050 b S50 Hlaz Aol £93 du o (4B5359,9
P oo §ilwonydd yieale V0 L gy09, dayd slisle
iy sladslu I B g e g pitan glacasy, glalw
Losdi doye ol B dsde Sid Sty @Y Jg
Gl s lo ool Gl doxdio 51 @)l Gisagsd @i plsie
Fo U osloonpdis Gialisl b oA JS5 b gilhe a8l sed
JaSis Glal slacinsy olad 5 Satwdy slaYg) e luo
A3 & 58 ammiio | )l JS T T egVe 5 3550

Modares Mechanical Engineering

0wy b o2 d Rlraly cald ke YO
£x ladigad Job 4 dzgi b .2pSe )5 4ids p yie(lae
53 YlS oS Wl e oy 4l 10 7.3 X 107% (88,0 Lad,S
dadigas (3908 Job 5> el Suiliwl-ad (godgae
ol w4 oKy (Vb ambe 5 bl Gl axbo
aoxiio (Y1 cand )3 0ud (1Kl @iyl g 03)F Sy
S Jiite gl 4y g wal |y ealy (g9 slade (YL
b gl olyan & Jloygaiss Glalejl oliws ygai V IS5

Ao gl |y 9509, SuIST sl

oo S3U jlax Ao (595 3 9500953 e sladslo skl (F JS&
2153 )3 Gy ole bags

@ (@) (&
3gb iz 5l ead 155 S SIU Jlaz (gladls) 31 ales (B JSb
Ssase (7 9 SIST (0 0950953 e (A Joloo L 304 o33 S

Sadio S laz gladlg) (gl oids Ass oBauE 51 yled (5 JSb
il oBaST (& g YL oS (Wl

Volume 24, Issue 05, May 2024


https://mme.modares.ac.ir/article-15-74698-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-09-03 ]

ol dll cuazy g gl piae Yo

(HO) g 5.5 4 jslo b Szoaly) (RE) ST bl L Size alyl - (SRE) 50950 deud jlisl by Ste aly!

E)e \_g“,l.ao.)).;"._’é O -l

P,

L

ros

@iloen 2

(=)
v

Fragla Vo=

-S Silwod 28

Gilwod, 23 oo L TO

Fagha £r-o

@iloea 2

Sadia Sj az slmels) GB30y5,5 5, dunlio (A JS

93 o b 43 (9o (silwenydd yielie V0 b g 0950
Lgl.n:}’g] (o-A S 3 odd o3l OL;U) &) 30,8 UL(.u
Ol 93 ol o ST sladak o o S Sl
Oz Mgde (Sdgez Hlzy gl Sy cww @
‘o)’lw 4S.xm>b.o é) «= 9 wb Cows d>g 9 5 U.i’ié)g)é

230 plis pady 4Ty 395 SST cools

VR gy o0 oyladd YF 0y

5 gy sl cwly cew 42y gladsle Sg @
gl s970 4 caud (S309m 512 Co w42y gladshe
510l oe olsl yio e €0 (g5lwesysid U Kigy ¢l (L9 s0
) IS s 9 Saotly (V5] JoSi g 0gVe el po ol
53 Sty (Vo) Wigye 9,8 ;50850 58 Lo sl axio
&,g‘;fht&u 33 3650 Al s le ol sle glw ‘QLAS


https://mme.modares.ac.ir/article-15-74698-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-09-03 ]

¥ Lsladsle b St SjU gl (530 sladlsl s (6550 der o uyn

3309338 S ST Ll
930090 e LSl
Hyare 8925 4V sl

Ve
[
SN
} . —
A " —~—
53*
Y.
Voo
\ Y. Y. f. D &,

(oshie) slaal>

s (5 o Koo iz syl (sl lralg s slasel (4 JS

Siliw!

St S 5laz ladly) Sailiwl-aud 5,135,051 Jol> bl (¥ Jyaz

Sal " bugie gop disdan so8 o s S coud 07
) (5908 plesily o}y &3¥ oz (5N i .t :
Sl adsl () aigas  Jobo b Sadio S0 laz
CFE % SEA (J/gr) EA ()
MCF (N) Fipc (N) (an

22 FaA SYs v YF Wy (RE) 9,039 SGST

As Fros VY VA A7) WY/A (SRE) 950390 dau’

AD Forq FYAQ Vs YFY IATA (HO) (53435 43

23 g3 lwonydid (al3Sh b a9 0 St Sty (595!
RS Sty (V) 5 pita g i g3 ) sl ol
g (50

Sadia sloaly) (Sasg) gruly -Y-F

5 Saiee Sib laz o) dw lzdilz—gyd ylaged 4 IS 5o
Soilil-aud I3 e o 51 Jol> @l ¥ Jgaz 5
Jsb 53 lzdila—g i Jlagad aSial 4y 4z g5 Ly .35 50 oaliio
Y 5 3500955 SIS T digad 53 (gl a2y ) ytanlee £ (S3pid
a8 l3ged pSie lidl digy WelS (Jsame (559435
2253 oz sl oadd o3pgl yiaalio To slail U (il ail>
51 ealasiwl b g ped csmlice gy wililwgi «jlagad dw
Gy 49 MCFyg EA jlado 909955 ded )Lib b ;3 1) 5 4 Ly,
Sl 95 4 cawd 45 Mle cuny oigs ©10T g Jo3 YR
ol sladsles plad ;3 Sottly Y5 St .l it S0
33 o 5L ol gy (55,01 oz Jals Wil Ly
Cowd V[0 394> MCF,lado )Lzl ool 33 ol 5o jlisle
slodls) (sl SEA jlake cul i 509,50 SIS T lislo 4
GY 5 95 93 desd 9090 ST sl b SiU e
sy 05 30 J35 VT g VALY byl oy 4 Jsame (59435
53 SEA Jlaie gy009,3 SuIST gl 5w 59 Juls 4 .aloe

Modares Mechanical Engineering

sladsbo Sadgez «(g3lwespdd (alisl blislo gg5 ol 5
G2 9 Cely Coow dzg 95 (Siy9,8 9 yilden ol 93 o Lo
obb U @A UG Glhe abie ol sl gg5 o
9 93 «Jol @y ladslw 51 (B 53 (g9 (gilwenyid
Glho gl oed JuSis Sy V9 Ll ol eido
\Q (_;)'Luob)&é b HJgeme (5y555 4Y jlisle ;5 w-A d.iw
U pom i3y slodsle 53 Sl laVg) yidon oo
e oplite bludl jlas sl ol o JuSid ey
R e g cwly cuww 429 93 )5 s aes 890
Vo U (gilwospid (ialisl b amsse &) S3juasm slisle
sy sladsho 51 By g e sy sl 53 yilalee
slodsho puizen d9d0 JaSaS Sty Yy pian
PSSy g oy Subrez jlo widud U pgw iy,
Pl o2 9 Cul) G 429 93 (SN Nisdse S
L_gj‘.weéyiké Mgy dalsl L\ 394 (50 C)L> O)lﬁﬁ L.Jl>)| 9 ol
Caows 0923 oylENepd (SHugm oo FO U (590
Y 5 ey sy sladslw 53 5 yigbled co 9wy
©Y9) (59 (silwenpitd Lb U agdpe sl Sty
JSas pitdn g Jol sy ladebo ST 53 Sl

Volume 24, Issue 05, May 2024


https://mme.modares.ac.ir/article-15-74698-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-09-03 ]

S8 dl sy g sl cupan WY

Y- Azimi MB, Asgari M. A new bi-tubular conical-
circular structure for improving crushing behavior
under axial and oblique impacts. International
journal of mechanical sciences. 2016 Jan 1;105:253-
65.

3- Graciano C, Martinez GA, Smith D. Experimental
investigation on the axial collapse of expanded metal
tubes. Thin-Walled Structures. 2009 Aug 1;47(8-
9):953-61.

4- Chen L, Zhang ], Du B, Zhou H, Liu H, Guo Y, Li W,
Fang D. Dynamic crushing behavior and energy
absorption of graded lattice cylindrical structure
under axial impact load. Thin-Walled Structures.
2018 Jun 1;127:333-43.

5- Wang Z, Hu H. Auxetic materials and their potential
applications in textiles. Textile Research Journal.
2014 Sep;84(15):1600-11.

6- Lakes R. Foam structures with a negative Poisson's
ratio. Science. 1987 Feb 27;235(4792):1038-40.
7-Hou X, Deng Z, Zhang K. Dynamic crushing strength
analysis of auxetic honeycombs. Acta Mechanica
Solida Sinica. 2016 Oct;29(5):490-501.

8- Zhou Z, Zhou ], Fan H. Plastic analyses of thin-
walled steel honeycombs with re-entrant
deformation style. Materials Science and Engineering:
A.2017 Mar 14;688:123-33.

9- Liu W, Wang N, Luo T, Lin Z. In-plane dynamic
crushing of re-entrant auxetic cellular structure.
Materials & Design. 2016 Jun 15;100:84-91.

10- Hu LL, Zhou MZ, Deng H. Dynamic crushing
response of auxetic honeycombs under large
deformation: theoretical analysis and numerical
simulation. Thin-Walled Structures. 2018 Oct
1;131:373-84.

11- Najafi M, Ahmadi H, Liaghat GH. Experimental and
Numerical Investigation of Energy Absorption in
Auxetic Structures under Quasi-static Loading.
Modares Mechanical Engineering. 2020 Feb 1;20(2).
12- Mohsenizadeh S, Alipour R, Rad MS, Nejad AF,
Ahmad Z. Crashworthiness assessment of auxetic
foam-filled tube under quasi-static axial loading.
Materials & Design. 2015 Dec 25;88:258-68.

13- Olympio K, Gandhi F. Zero-v cellular honeycomb
flexible skins for one-dimensional wing morphing.
In48th  AIAA/ASME/ASCE/AHS/ASC structures,
structural dynamics, and materials conference 2007
Apr 23 (p. 1735).

14- Grima N, Oliveri L, Attard D, Ellul B, Gatt R, Cicala
G, Recca G. Hexagonal honeycombs with zero
Poisson's ratios and enhanced stiffness. Advanced
Engineering Materials. 2010 Sep;12(9):855-62.

15- Xu M, Xu Z, Zhang Z, Lei H, Bai Y, Fang D.
Mechanical properties and energy absorption
capability of AuxHex structure under in-plane
compression: Theoretical and experimental studies.
International Journal of Mechanical Sciences. 2019
Aug 1;159:43-57.

16- Lee W, Jeong Y, Yoo ], Huh H, Park §J, Park SH,
Yoon J. Effect of auxetic structures on crash behavior
of cylindrical tube. Composite Structures. 2019 Jan
15;208:836-46.

VPl cdiguny] b gylodds (FF 0593

b el yitdon Jease (55905 Y Hlislo 4 cuws 270 ol
iz sleds) (sl (Sae) G ledil) WY bl I oslisl
9355 Y 9 5y (9953 desd 19,0950 SFT sl b S3U
&lp CFE &5 el ZA0 g ZA« AT L ol cudyd @ (Jgeseo
SuiST sl 4 cawd 1V Jgaso ()95 4Y 5lislo

ol yidion 950953
6 sl s Spedly glaYe) JSis aiglys o5 Lyl
905 Wl AR50 &) A Wyge 4 (Jsese (5)34)
Jos pen 4 nlad 3925 @ il ol gl Gz
Sl 93 4y s (6539 g ledily (559255 Y Hlis Lo
YA JLS L ol 5o adgl didion (595 izan w3yl e
313 1y 5lade S 508 5Ll 93 ¢ 45 el Cands (g

(S pSdzis -0

Sz sladlel )3 iayey8 390 9 3 @iz Glesky ol 5
930953 4o 09509953 SIS THlid b duo b pape Sitie S
B S5 p9e Siliwl-and (6 l85L werd (g9435 Y g
51 ale Ghagdh ol pee S w8

9 920953 4o 1l 93 4 ol o 2ol sy 0 5 Jo3 ¥
ol yidos Moyd ZY0 g TN iyl a4 (Jeese (55935 4OY
Js3 V&8 cuiyd 4 MCFg EA jlado 5)009,3 dewd jlis L )3 =¥
yidion )50 )lislo 93 @ cawd o el caon (g 10T g
el

2ol cuwoss % A0 (Jgeme (55555 4 jlisbo 5> CFE jlade-V
i 43 9,093 4aud 3 950095 SIS T il 93 4y o 45
u.w‘)_w.uq ATRARS

shls Ggeze (5595 aY sl 55 adgl aidon gpw-t
ol Hlade (yyieS

obels 51 1y 3¢5 ;Sis JWS o Baiuags 15ila,a8 ¢ St
..,\B)l.sua ‘okl.cl OL’J e.AJ)’Lw 9 M}) ubb; el ria
cob Guwgb (il dxlgs (sisio olid:«.‘:b)'l (i
335 5o Sil8ya8 ok o2l 5l s9ie 9 53k slacoles
caley lie ol pulaid g g3 55 o Bainag : U] 43105
Sloals 18 a5 s |y (SWS ool

=il (ayled Ly LT gun Gimgdy ol cdlbe 1@8lia (yoylas
las ool Liayd b

(o o&iils bugi gud=i ol Jle &sLLA :‘_,.JLo &gL’m
cwl 03 el Gwgb usllual dslg>

&bio

1- Lu G, Yu TX. Energy absorption of structures and

materials. Elsevier; 2003 Oct 31.


https://mme.modares.ac.ir/article-15-74698-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-09-03 ]

P Lsladsle b St SjU laz (530 sladlgl s (655 cder oy uyp

Modares Mechanical Engineering

17- Guo Y, Zhang ], Chen L, Du B, Liu H, Chen L, Li W,
Liu Y. Deformation behaviors and energy absorption
of auxetic lattice cylindrical structures under axial
crushing load. Aerospace Science and Technology.
2020 Mar 1;98:105662.

18- Doudaran MO, Ahmadi H, Liaghat G. Crushing
performance of auxetic tubes under quasi-static and
impact loading. Journal of the Brazilian Society of
Mechanical Sciences and Engineering. 2022
Jun;44(6):230.

19- Kim JH, Cho DH, Choi SU, Cho CH, Kim KH. Energy
absorption of square tubes with perforations in
dynamic axial crush. International Journal of
Precision Engineering and Manufacturing. 2021
Apr;22:567-77.

20- Sen R, Paul S. Investigation on wire electrical
discharge machining of AISI 304 stainless steel.
Materials Today: Proceedings. 2022 Jan 1;62:1210-4.
21-ShiY, Yan C, Zhou Y, Wu ], Wang Y, Yu S, Ying C.
Materials for additive manufacturing. Academic
Press; 2021 Feb 12.

22- Luo HC, Ren X, Zhang Y, Zhang XY, Zhang XG, Luo
C, Cheng X, Xie YM. Mechanical properties of foam-
filled hexagonal and re-entrant honeycombs under
uniaxial compression. Composite Structures. 2022
Jan 15;280:114922.

23- Patidar D, Rana RS. The effect of CO2 laser cutting
parameter on Mechanical & Microstructural
characteristics of high strength steel-a review.
Materials  Today:  Proceedings. 2018 Jan
1;5(9):17753-62.

24-YuY, Meng FY, Ding C, Lv JF, He L, Han JQ, Wang C,
Zhang K, Xu S, Wu Q. Low-cost laser cutting fabricated
all-metallic metamaterial near-field focusing lens.
Heliyon. 2023 Mar 1;9(3).

Volume 24, Issue 05, May 2024


https://mme.modares.ac.ir/article-15-74698-fa.html
http://www.tcpdf.org

