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ABSTRACT: This research investigates the low-velocity impact on sandwich beams with two-
dimensional curved reentrant auxetic cores. Using a 3D printer, tensile test specimens are fabricated,
and their mechanical properties are extracted. In addition, using a 3D printer, sandwich beam specimens
with two-dimensional curved reentrant auxetic cores are fabricated, consisting of curved unit cells at
angles of 30, 45, and 60 degrees. Three-point bending and drop-weight impact tests are performed on
the specimens. Polylactic acid is used as the material for the beams. The findings from the three-point

bending test show that increasing the internal angle of the curved unit cell corresponds to decreasing  Keywords:

the slope of the linear portion of the graph and the amplitude of the applied bending force. The impact o po o0

response history includes factors such as contact force, absorbed energy, impactor velocity, impactor .
Curved Unit Cell

displacement, and displacement of sandwich beams with two-dimensional curved reentrant auxetic

cores when subjected to a 3 J drop-weight impact test. Also, Poisson’s ratio and relative density of two- 1 Pree-Point Bending Test

dimensional curved reentrant auxetic unit cells with angles of 30, 45, and 60 degrees are obtained. One Drop-Weight Impact Test
of the important findings of the impact test is that in order to maximize energy absorption, sandwich  Absorbed Energy

beams with two-dimensional curved reentrant auxetic cores with unit cells of 30 degrees angle perform

best compared to other angles.

1- Introduction

The concept of metamaterial history was first proposed
by Russian theorist Veselago in 1968 [1]. Metamaterial
is derived from the Greek word meaning superior. It is
a synthetic composite material produced by combining
several elements [2]. According to the European Union, the
term metamaterial is defined as “an arrangement of man-
made structural components designed to achieve useful and
unusual electromagnetic properties.” Metamaterials are
commonly used to enhance antenna system performance,
electromagnetic ~ properties, absorb  electromagnetic
radiation and modify the elastic properties of materials
[3]. In materials, mechanical properties have been widely
studied due to their high importance in real-life applications.
Recently, various materials have been found in nature that
exhibit attractive properties that cannot be achieved with
conventional materials. Mechanical metamaterials include
negative elastic modulus, negative Poisson’s ratio, zero shear
modulus, etc. [4]. Poisson’s ratio represents the relationship
between transverse strain and longitudinal strain. In simple
terms, this constant indicates how much transverse strain
occurs relative to longitudinal strain. Poisson’s ratio for a
linear elastic isotropic material has been reported to range
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between -1 and 0.5. For anisotropic structures, Poisson’s
ratios can have any positive or negative value, provided
that the strain energy density function remains positive
and finite [5]. Auxetic materials are materials that have a
negative Poisson’s ratio, meaning that when stretched in the
longitudinal direction, they expand in the transverse direction
and vice versa. Using an experimental approach, impact tests
on the Auxetic Kevlar laminated composites were performed
[6]. The tube with a re-entrant auxetic structure manufactured
by additive manufacturing under low-velocity impact was
studied [7]. Using the cellular collapse mechanism, the
auxetic honeycomb under low and high-velocity impact was
studied [8]. Using Zig-Zag theory and Gibson’s equations,
a sandwich panel with a re-entrant auxetic core and carbon
fiber reinforced face sheets under low-velocity impact was
modeled [9]. A three-dimensional re-entrant four-pointed
star sandwich plate was introduced, and low-velocity
impact analysis was studied by experimental and numerical
approaches [10].

This article examines the low-velocity impact of sandwich
beams that incorporate a two-dimensional curved re-entrant
auxetic core through experimental methods. Tensile tests,
three-point bending tests, and drop-weight impact tests are
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Fig. 1. Schematic of a unit cell of two-dimensional
curved re-entrant auxetic core (marked with red color).

conducted on the sandwich beams with different angles of
curved unit cells. Finally, Poisson’s ratio and relative density
of curved unit cells are extracted.

2- Methodology

Schematic of a unit cell of a two-dimensional curved
re-entrant auxetic core that is designed in this research
is illustrated in Figure 1. The volume of the unit cell’s
components divided by the volume of the rectangular cube
that covers the unit cell is defined as the relative density of
the unit cell.

The unit cell is defined by parameters ¢, &, b and 6, which
indicate the thickness, height, length and angle, respectively.
Three layers of unit cells are considered in the sandwich
beam core. With all the parameters being constant, only by
changing the angle of the unit cell, three types of sandwich
beams with angles of 30, 45 and 60 degrees are fabricated
using a 3D printer that are shown in Figure 2.

3- Results and Discussion

The sandwich beams are subjected to a three-point bending
test, and the bending force curve is plotted in “Figure 3”. The
values of the slope of the linear part of the graph for angles of
30, 45 and 60 degrees are 51.5632, 25.8510 and 19.9569 N/
mm, respectively. With an increase of 50 and 100 percent of
the curved unit cell angle relative to the 30-degree the slope
of the linear part of the graph decreases by 487.49 and 27.61
percent, respectively. In general, the range of applied bending
force decreases with an increase in the angle.

Figure 4 shows the contact force history between the
impactor tip and the upper surface of the sandwich beam after
the 3-Joule drop-weight impact test. The maximum contact
force for the curved unit cells with angles of 30, 45, and 60
degrees is 802.469, 679.012, and 493.827 N, respectively.

With an increase of 50 and 100 percent of the curved unit
cell angle compared to the 30-degree angle, the maximum
contact force is reduced by 15.38 and 38.46 percent,
respectively.
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Fig. 2. Sandwich beams with two-dimensional curved
re-entrant auxetic core fabricated by a 3D printer, a)
30-degree, b) 45-degree and b) 60-degree.
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Fig. 3. Force-displacement diagram of sandwich beams
with two-dimensional curved re-entrant auxetic after
the three-point bending test.

4- Conclusions

An increase in the unit cell angle led to a reduction in its
relative density, which in turn decreased the slope of the force-
displacement curve and the range of bending forces during
the bending test. Results from the impact test indicated that
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Fig. 4. Contact force diagram of sandwich beams with
two-dimensional curved re-entrant auxetic after the
drop-weight impact test.

the sandwich beam with a 30-degree unit cell experienced
both indentation and surface cracks at the contact point, with
its maximum contact force exceeding that of the 45-degree
angle beam, which only showed indentation. The maximum
contact force at 60-degree angles was noticeably lower than
that at other angles due to the failure of the unit cell.

References
[1] V.G. Veselago, The electrodynamics of substances with

simultaneously negative values of € and p, Phys.-Usp.,
10(4) (1968) 509-514.

759

[2]K. Parveen, Metamaterials: Types, applications,
development, and future scope, Int. J. Adv. Res. Innov.
Ideas Educ. Tech., 4(3) (2018) 2325-2327.

[3]M.I. Hussein, M.J. Leamy, M. Ruzzene, Dynamics of
phononic materials and structures: Historical origins,
recent progress, and future outlook, Appl. Mech. Rev.,
66(4) (2014) 040802.

[4]J.U. Surjadi, L. Gao, H. Du, X. Li, X. Xiong, N.X. Fang,
Y. Lu, Mechanical metamaterials and their engineering
applications, Adv. Eng. Mater., 21(3) (2019) 1800864.

[5]T. Ting, T. Chen, Poisson’s ratio for anisotropic elastic
materials can have no bounds, Q. J. Mech. Appl. Math.,
58(1) (2005) 73-82.

[6]S. Yang, V.B. Chalivendra, Y.K. Kim, Fracture and
impact characterization of novel auxetic Kevlar®/Epoxy
laminated composites, Compos. Struct., 168 (2017) 120-
129.

[7TW. Lee, Y. Jeong, J. Yoo, H. Huh, S.-J. Park, S.H. Park,
J. Yoon, Effect of auxetic structures on crash behavior of
cylindrical tube, Compos. Struct., 208 (2019) 836-846.

[81Q. Gao, W.-H. Liao, L. Wang, On the low-velocity
impact responses of auxetic double arrowed honeycomb,
Aerosp. Sci. Technol., 98 (2020) 105698.

[9] H. Peyghani, M. Ranjbar-Roeintan, Low-velocity impact
on a CFRP sandwich plate with a reentrant auxetic core,
Mech. Adv. Mater. Struc., (2024) 1-16. doi:10.1080/153
76494.2024.2420258

[10]Y.C. Qu, X.C. Teng, Y. Zhang, W.Z. Jiang, M.L. Xue,
T. Xue, J.W. Shi, X. Ren, A novel 3D composite auxetic

sandwich panel for energy absorption improvement, Eng.
Struct., 322 (2025) 119129.


https://dx.doi.org/10.22060/mej.2025.24695.7895

75 ool SlSo (owigee g pui

VYY B VOV Sl VF+F Jlo & 0)loss @Y 0553 ¢y ol Sl puoino 4 p5
DOI: 10.22060/me;j.2025.24695.7895

s * e

(Gr19d Do i gyl (6 ) S 35T (g b (2 guilur (61 pd 1 (o LS s &y 0
P09y 375y SR b alorl |ya)

el oliileS oliile S sixto oSl « Sl usdige 09,5

18 99ld dzxdey )b
VECE/-SN0 il

Tl pogde g ool el gl (Sl pols g 0 aisls S iale] (sladiges csimdu Sl ookl b5l oo
VEC VIV g S5

X/ A5 2y
AR 7R NARIPR H PV

1S Gl
K555 slge

odped oy Jolo

@y byho 40 s

oddds (65l

1515 (sl ol Jols (giang oo € ginb 5y S 55T (slndiond b s (5l (lindigad stmpdon Kol J o3l
S5 sladiges g9y p 4559 boiw a5 g (b dw s (glaialojl bgd o bl 4> v 9 ¥O e cblgj L odned
e inleg] ) ol (slaidly 3545 _oo o] b5 s (sl 4l o3le e o Sl SSY_L 1 3955 oo plox o
! i sy il g0 I s S s sl oo IS il 145 a3 o i
0135 y& (ol 0y s s 0 i (65l ol (58 Wlo Lol Jold 35 rsly a )l Genlisio 003
i iy e 3 G555 58 S s o 5 K55 st syl s bl
5 ¥OT (llsj L samgd odsed cipiihg) ST aoly sla gl gums S 5 ysslss 0 iz sl Jg3 ¥ 59
gl sl 5 o 65l Gl il S s G b a8l (pl a5 ialojl pae (slaaiily Sl (S ] o sy dn 3 £
0515 bl ol b dlio 31,38 kae (200 423 T gl ol sl Jsho L e smgd odad it ) S53T slasitun

W 53 a5 (6313l g o K  lwlics )90 ofy 5l Ladlon (glad )8 YL
Ao d929 paseis sl o3lely ) 5 S oo IS Bixe g 4 (ol
a4 (Sl (olss wlge 53 [F] S oo 0ol 006 5 (So9ll g 0 xiie
adllas 3)90 0318 j5b 4y ¢(H8ly (S5 55 e3latul 1> Vb cuenl >
Cla Sig & Bad oo il Carb 55 Liliss dlgo d il ks S 13
o3lol b it ol BB Jsane Slgo b 45 imd o bt |, lis
r Jode cshie gl G e Sl Jgde Jols (SolSe
OB o daly eins Gl guly cops (0] Wias 0pd g Hho
W3 e ol el ol osls Gl a il Jsb (1S5 (o pe
Cupd 3o &y Job G 4 Cand (ppe (S ke 4> &S
=V o shoagioe 3 (s S Sag gl edlo Su sy Ggwle
b 0, Sluonl gl )5l gy [5] cud 00 55 -0
@b 4l byptie sl antly (e b Cute lude 2 Wlg5 o0 (ygelys
s3lge S3ST slge [V] wiloy (Bl dgume g Cute (15 (5551 e

ol Caz > (B &S (e cpl @ ) ke ol S o it

doddo —
o9y Pralas g b sl (ol Toabeld axs)l porde
V] 039 p ol )95 s I eite (oSl (23,38 iznen
ole Sy ol Do iy o gline &S 45 4B by ol ) eobeld
Sty dlos 5l cpolis 5l (golani S 5 b &S Cunl eoiuns ool
a5 o3bol b Mol g 4ol iy i abs (V] 3950 Mg lsls
Sl sl &S i cand adle glle il il o)ee
iy Cxlosd (phb Joamops g dude (auabliang Sl la Sy 4
G Sy ool pieme 3,Sles aliEl gl oses 03l g e
Sl ol Mol g gugbolitng pSIl Sl Gl ¢ gugbolitng xSl
JEl D.)Lo]).é ‘_ngJ)g)L{ )iLw qu| » o9)'1.c .[Y] .)yuu.a odlawl .)‘94

o8B Loy e Gl (coges Cusl Jols calisee (sl yisy

1. Metamaterial

m.ranjbar-roeintan@kut.ac.ir :lslSe jsoigs sxiugg ™

(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.2025.24695.7895
https://orcid.org/0000-0002-2187-6250
https://www.creativecommons.org/licenses/by-nc/4.0/legalcode

Slots (2hb gy olsl g 8ad Lb5)] 5)955 Y g (Jgens
o> dod oylesd 3 plaie job & &u)fl sl gy GwS5L lasslg
ol oolazol b ad ades 318 e b (ol 8l ey bawgs oS M0
5 ombceyw s cov SSFT e85 &Y (Jolw (il
Slede o ] ohen 57 PA] €85 )8 adllae )50 Y
rgile Olrio (b e CopunS wys o g wldess
Clmdw a8 sladiud o 81,5 L oddcusdl Cujgwls slaayg, b
gy ) lad 4 dtuly dlge olgs ol &)l 1) b z)de K555
O aBlanwg T lui= e g9l (SllegSee Jao S )b
):}c 09“"% Cound a5 A @1)10 d)ﬁj" S mdw AS\M» L;Laaw R}
dots Caolbud G Neddd (g0 90 gyl g ail atily el
g adnd BUI L oad Cogli (6 youly dgy ©lxiio b (ugaile Ji sl
ol ey s Jb cov g B sl el L—adid BU atus
oyl gy gdmdw SST asly Job Sy 5l s V4] w85 )8
odds (axilejlo (ol flode S g S gy e lha b &S
b Zogile gloy (wied Cuwglio VY] bl .0 00l dawgs g
3 il cla JBe L gyte (s pob diud 5 ossinesl] sloarg,
wsiaY il (s ol 3 )5 Ly (2Bile)l glacs )b
il sl JBe L pod sl JIg g pod dtun S z)de Sy
allas 3)50 ldabiaw Jied cov (mgsile clay 55l Gl
&b Sl and (000)Sy) (yem5 &Y (Sl gl VY] o) San
Slawlre b Silatinw jobo 4 1 (o s i g baojliw 51 JSuite
03> 5158 adllas 3y50 (025 slasg) 9 5340 slacsjlodnd ook
Sty g A5 dule (lacs)ygn; Y (Shelud 9 Sl gla i
A glyl (5905 Y calize JSb yuss slacdls 4 e Sl
o (Seolipd geoly g 15 plosl (slacsysus 4Y a5 (b oo
Sli= S5 )95 3l ookl b oAb (g (9338 (lagjlwdnd )b |l
Onbics o 4y (IS cod ()S SUIL oadeysl 49y Clxio
Silodde Y] 5oey oy 9 Sl bwg (598 ©Yolee )b

(yre (Sdm dw Coloy ks sloylin (gl doin S LG

6. Li
7. Halpin-Tsai
8. Wang

\a)]

8 b opl puSe g Wad oo baie (2)5 Sz )3 g 030dS
opd 5551 Bl Hlgie 4 (63b5 (slad )l K387 slge bl oo 3l
D)l (SB52 9 (58559 e ) eiomen g ba)Ss g (JoSe sla by
oozl b dlge oyl « 5357 slge 31 jld b (sla Suume s 4 [A]
Ligh e Mg sdmdw sl Sl
sladsho 208 5 Elgl 3)90 13 IS y950 [A] H2 U3l 5 (ebB
o gmle coli b pgd g9 SO AAAY Lo 55 ol plosl 5357 sl
Sile SO ST aslS M lgl A Jlo 3 [V o] cél dnwg
3,Slos dyg0 1 jopel 4 U (gylems liiass [VV] 5,8 slpidy Jbg
ol 01 plorl il slag S Lyl > ST sy (gla gl
2l Solil a5 pubce o a0 SII)L Y] o Ken 5 7l
loytlo )3 48 ST 5 Jgeno Sl Joko (sl b cslapsd s
hlen 7 5ed ol ool s Wy (SilKage s oy 4 S5
S5ST psh arpd Goys hend 5 ol GBS €5 b dlge ol VY]
alllas oyl )3 00,8 duolie | pgwye b Jobo (ygli s aliie diges
Slagay ot sl ) eslanal b S5ST pob 5l oo
odby Slopsd 59 <93 7 Wjg sk 4y slailofl 5 Nk 4l
cov 1y Y s sl ST CojeulS gamaw Jhe [VF] Tea o
adllas 18] olSan 5 Sl 83,8 (silodend bty dopd
NS AV (lacujonls wps g Cwsld ol ooy p Sy (229
4l clacojomlS @ulio ¢y ol 3 a8 wih abol L S55S1
kb S 5 55 byl b Slles g9 9 b ,YeS3 ulil o
a5 Ciliso G Jgbo 93 L obisS sl LI et souelS’ s o (ol
Sl (Geos ol > kiad ool )15 aYair o gatte SUI J
@ by jawls cols gy digg (gjlwod pid olped 4 M 5,5
b mgile sl p omboeyw aps oo g 40 b aB)S
)y 5 Siyialis) 695 Y ST slap b 9 ST e 4
DF] 85 )18 S 5 455 3)90 ()5 SN L oddu gl (0jorels
3 Golas 5 Slae py S35 o Sl )y 0 Y] S0 5

lo)lidlo b aS aslyp ohg (655 ©d> 5 (g g Bolal (g9, Hlas

1. Evans

2. Allen

3. Duncan

4. Jiang and Hu
5. Lee



YYY U YAY dxio NF-¥F JL» & b)Lo.a.fJ QY 0)9 ‘)J,..al t_i.ulSw (WA ‘b).w)

W g, 9 dlge =Y

calo gly adgl odle lgie & sl SSY L 5l lis oyl o
S ol (6l DO38 5 lxikul (905l gy g ol edlil Ly
Sl ) g0 syl (sl ol 05 48,5 S 4 InSodly
() ) Silos as b (smsdu Sl 5l oolawl b IS5 Jeed

S i 5y o (Snigd S it 25y Johao Ky Slasd
55 bl ol o s Sl ¥ JSS jo ol (slib gudss ol o oS
Jobw &8 Latus Colue y pond 15ly Jolo slin] colin o5 cul
oS 290 iy ly Joho (s (JB plgis 4 sl oxilig 1) 2o
235 (o o sl SISV Js 3 Cos ol

a2 W Ol slod cstogen </ Jib 8 (sae Sl 0
e 5 o 55 45 e 451 2 o an P Dl et S5 5L
doly Jolw a a8 3\l > aSul Cjao 4 (6,4 Y (65Xl 5 ax 50 YO
ol 03imd s i 5 4 45 D945 o a5 O 9 b 1 ol yzal ) L
Ol g3 i d3lg Job oded Cuond py olee S 4yl g Job gl
Jsbo 5 sin sl V8 €165 csto oo VY il ol b a5lg Jsbo 3
5o A ) Aoy Jol Y daw sl odd a3 )S las e Lo VY
SIS b b gl 55 ey > ol 023 45 i gl
25 o (Phb e e V0 (o) g pe e OV glis) yia o VO
289 dw ly Jobo sl i b e el den (390 <ol L
adle gandw b leolaiwl bas o & o ¥O & cbloj b ougnl
2 gl dw o glpoad adl g (Slb sladiges (ol > g oo
g Slbiiaw jied w0l i8S ioles] .l odd edly lis ¥ S

9 @75 Sy b jlsle ol p b )5 o 5 03
do o ]9 Byl 31 (VD] (Slipme 9 bl (28 slasinlej]
ol by oogd dtud Cuoles ¢ IS Slyuis 18l sldlais
5 28 gy 4 Aopis ST (ladiges ol K0S awyp
Ml awsin Jl g ad plsl [VP] (Sen 5 S5 s0l bugi (020
b o (phb 85 8 (e 290 dlge il Gguly a2
Ot pialejl plosl g 043 2 o 5180 il 2 i S5 S
d)S bl [YV] (oyhie 9 g5 (5r0m bawg ol
@lyglgs ygo 4 Syl (6 (dm 9 odned S ST anly Jgu S
dslomo ol ygulgsn pd g o S 5 00d giloand o ol
ohed S aialeil (5 gy Gkl Alie cul 3 235 0
il (gblg3 b (gl sloys (g9 2 3] Lo 400 5 (glabais 4
GBI sblys b ST dn 93 (i oded soly sl sk
Sy dsdiee b Egie oded doly clashe Mgy il
MWy sl SSY L ool 5 amdw bl eolaiwl b (o aule
Sl oS ole (Sl el Jeld oS slapiell g
Jolbs obul—guw o sl oad cpun ool LisS il
(ol (Sapm 0dd Cid ool g (ldaBiaw s Liulejl
bl 5 sy ol @ljps o 0ld ol 555
2 Nsdice oyt 9 Soslear Jo3 ¥ Ol ok 4 (ialeil 1
gl oaped soly b Jobo (i JSo 5 Gawle cops ol

20,5 o

Gt ySols bawgd 8.ws &b Lus 9 D638 3 )lailias! ywlao! 1 JS5 Jluod (50 i 1 diges du ) JSUS

Fig. 1. Three examples of dumbbell beam shapes based on the D638 standard made by a 3D printer.
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Fig. 2. Schematic of a unit cell of two-dimensional curved re-entrant auxetic core (marked with red color).
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Fig. 3. Models of sandwich beams with two-dimensional curved re-entrant auxetic core designed by the Solid-
Works program and made by a 3D printer, a) 300-angle, b) 450-angle and b) 600-angle.
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Fig. 5. a) Stress-strain curve and b) polylactic acid samples after simple tensile test.
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Table 1. Mechanical properties of polylactic acid samples after simple tensile test.
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Fig. 6. Devices used for a) simple tensile test and three-point bending test and b) drop-weight impact test.
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Fig. 7. a) Bending force-displacement curve of the beam and b) sandwich beam specimens with two-dimensional
curved re-entrant auxetic core, including angles of 30, 45, and 60 degrees after three-point bending test.
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Fig. 8. a) Contact force history curve and b) sandwich beam specimens with two-dimensional curved re-entrant
auxetic core, including angles of 30, 45, and 60 degrees after a 3-Joule drop-weight impact test.
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Fig. 10. Deformation (in millimeters) of the two-dimensional curved re-entrant auxetic unit cells after loading in
ABAQUS software, a) 30-degree angle, b) 45-degree angle and c) 60-degree angle.

aayd P g FO e gl b Co iyl () oamed (garigd S 35T g (S (ygulyy o 9 omud JIRe Y Jgi>

Table 2. Relative density and Poisson's ratio of the two-dimensional curved re-entrant auxetic unit cells
with angles of 30, 45 and 60 degrees.
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