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ABSTRACT

In this research;the free vibration of graphene origami auxetic metamaterial nanobeams is investigated using
Eringen's nonlocal elasticity theory and Euler-Bernoulli beam theory. Graphene origami-reinforced nanobeams
exhibit auxetic behavior owing te their nanoscale folding patterns, which gradually unfold under applied
tension, causing transverse expansion perpendicular to the applied force, unlike conventional materials that
contract laterally under tension. The effective material properties including Young's modulus, density, and
Poisson's ratio are calculated using” homogenization relations and correction functions dependent on the
temperature and folding degree. The governing equations are derived using the energy method, space-time
separation, generalized Lagrange equations,/and natural frequencies are extracted by solving the eigenvalue
problem. The dimensionless natural frequencies of,the simply-supported nanobeam are validated against
existing studies. The results indicate that increasing the weight percentage of graphene origami increases the
natural frequency of the nanobeam due to thesincrease in Young's modulus and decrease in density.
Furthermore, increasing the folding degree, while enhancing the auxetic property, reduces the natural frequency
due to the decrease in Young's modulus. Increasing the, nanobeam length due to increased mass and also
increasing the nonlocal parameter due to reduced effective stiffness of the beam lead to a decrease in the natural
frequency.
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1. Introduction

Metamaterials—first theorized in 1968 as materials with
simultaneously negative permeability and permittivity
[1]—later inspired "mechanical  metamaterials”
exhibiting unconventional properties such as negative
elastic modulus, negative Poisson's ratio, or zero shear
modulus [2]. Nanotechnology, meanwhile, deals with
materials at the atomic and molecular scale, defined as
having atwleast one dimension between 1 and 100
nanometers [3]. For example, Esen et al. [4] applied
nonlocal strain: gradient theory to functionally graded
Timoshenko nanobeams under magnetic and thermal
fields, presenting the effects of the nonlocal parameter,
strain gradient, andimagnetic field intensity.

In 1995, Ebbesen and Hiura [5] first introduced
"graphite origami® after,observing random tearing and
folding of graphite surface layers via atomic force
microscopy. In 2008, Schnieppiet al. [6] demonstrated
the folding and unfolding.of a singlesgraphene sheet,
sparking considerable research into folded graphene.
Graphene origami is a three=dimensional structure
formed by folding two-dimensional graphene sheets
according to origami principles—"ori"'"<meaning "to
fold" and "gami" meaning "paper"<in Japanese. Its
auxetic property arises not from grapheneiitselfbut from
its origami geometry.

In this study, by presenting a theoretical imodel
based on Eringen's nonlocal theory, the influence of key
parameters—including the weight percentage® of
graphene origami, the folding percentage of graphene
origami, the nanobeam length, and the nonlocal
parameter—on the natural frequencies of nanobeams
reinforced with graphene origami auxetic metamaterial
is investigated.

2. Materials and Methods

2.1 Materials

The effective properties of the composite are determined
in two stages: first, the overall volume fraction of

graphene origami VG*r is calculated from its weight

fraction W, , and then the effective Young's modulus

E, density o, and Poisson's ratio v are obtained using

modified functions that account for the reinforcement
efficiency of graphene. where Hg, denotes the degree of
folding of graphene origami (a value between 0 and 1,
representing the percentage of hydrogen atom
coverage), T is the operating temperature, and Ty is the
reference temperature of 300 K. The modified functions
are expressed as follows [7]:
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2.2 Methods

In this section, a nanobeam of length L, thickness h, and
width b is considered, with the origin of coordinates
located at the center of the beam. In this study, the
classical Euler—Bernoulli beam theory is employed.
Using Eringen's nonlocal elasticity theory for a
homogeneous isotropic nanobeam, the axial stress

O,, is expressed in terms of the axial strain &, in the

first-order case (commonly adopted in engineering
applications) as follows:
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The energy method (kinetic and potential energy),
the separation of variables method, and the Lagrange
method are employed. Finally, the free vibration
equations for the nanobeam are presented as follows:

MdiKd=0 (3)

where 'M and K are the NxN mass and stiffness
matrices, respectively, and d is the displacement vector
of order Nx1: The parameter N denotes the number of
terms required.to achieve convergence of the response,
and finally the entries of the mass and stiffness matrices
are presented as follows:

M™ = | Zzpde AN, g + [, AN,N, dv
v dx dx v )
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Finally, by setting the determinant
(K-M@?) equal to zeropthe Matural frequencies

w of the free vibration of the nanobeam are calculated.
Results and Discussion

3.1 Validation

To verify the governing equations,” the natural
frequencies of graphene origami-reinforced nanobeams
with simply supported boundary conditions are



calculated at 300 K, showing minor discrepancies (less
than 2%) compared with the cited references in Table 1.

Table 1: Natural frequencies of graphene origami auxetic
metamaterial nanobeams for simply-supported boundary
conditions and their dimensionless comparison.

Nonlocal Natural frequency (dimensionless)
parameter .
11 (nim?) Present work Simgek [8] Reddy [9]
0 9.8293 9.8696 9.8696
1 9.3316 9.4158 9.4159
2 8.8059 9.0194 9.0951

3.2 Parametric study

With a 50% increase inthe weight percentage of
graphene origami<(from 2% to 3%), the Young's
modulus, natural frequency, and.absolute value of the
nanobeam's Poisson's ratio increased by 13.22%, 9.33%,
and 314.90%, respectively, while with a 100% increase
in the weight percentage of graphene©rigami (from 2%
to 4%), the Young's modulus, natural frequency, and
absolute value of the nanobeam's: Poisson's ratio
increased by 33.93%, 22.37%, and< 580.67%,
respectively. Furthermore, the nanobeam's density
decreased by 5.27% and 10.63%.

The results indicate that with an increase in folding
degree from 70% to 80%, the Young's modulus.and
natural frequency decrease by 6.27% and <3.16%,
respectively, while the absolute value of the Poisson's
ratio increases by 530%. This trend continues with an
increase in folding degree from 80% to 90%, such that
the Young's modulus and natural frequency decrease by
7.21% and 3.71%, respectively, and the absolute value
of the Poisson's ratio increases by 82.5%, while the
density remains constant throughout the entire range.

Observations indicate that with an increase in
nanobeam length, the values of Young's modulus,
density, and Poisson's ratio remain unchanged, while the
natural frequency decreases by 33.13% and 52.54% as
the nanobeam length changes from 10h to 12.5h and
15h, respectively. Also, with an increase in the nonlocal
parameter from 1 to 2 and from 2 to 3 nm2, the Young's
modulus, density, and Poisson's ratio remain unchanged,
while the nanobeam's natural frequency decreases by
5.58% and 11.60%, respectively, demonstrating the
nonlinear influence of the nonlocal parameter on
frequency.

3. Conclusions

This study analyzed the free vibrations of graphene
origami-reinforced auxetic metamaterial nanobeams
using Eringen's nonlocal theory and classical Euler—
Bernoulli beam theory.

Key findings include: increasing graphene origami
weight percentage raised Young's modulus and reduced
effective density, significantly increasing natural
frequency—enabling design of nano-reinforcements and
nanosensors with higher resonance frequency and
sensitivity; increasing folding degree strengthened
auxeticity but reduced natural frequency due to
decreased Young's modulus, revealing a trade-off
between auxetic properties and dynamic stiffness
requiring optimal balance; increasing nanobeam length
sharply reduced natural frequency due to greater mass
and flexibility, emphasizing the need for precise
dimensional selection; and increasing the nonlocal
parameter reduced effective stiffness and natural
frequency, underscoring the necessity of accounting for
size effects to avoid inaccurate resonance prediction.

5. References

[1] V.G. Veselago, The electrodynamics of substances
with simultaneously negative values of € and p, Phys.-
Usp., 10(4) (1968) 509-514.

[2] 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.

[3] B. Mekuye, B. Abera, Nanomaterials: An overview
of synthesis, classification, characterization, and
applications, Nano select, 4(8) (2023) 486-501.

[4] I. Esen, ALA. Abdelrhmaan, M.A. Eltaher, Free
vibration and buckling stability of FG nanobeams
exposed to magnetic and thermal fields, Engineering
with Computers, 38(4) (2022) 3463-3482.

[5] T«W /Ebbesen, H. Hiura, Graphene in 3-dimensions:
Towards graphite origami, in, Wiley Online Library,
1995.

[6] H.C. .Schniepp, K.N. Kudin, J.-L. Li, RK
Prud’homme, R. Cary'D.A. Saville, L A. Aksay, Bending
properties “of single functionalized graphene sheets
probed by atomic force microscopy, ACS nano, 2(12)
(2008) 2577-2584.

[7]1S. Zhao, Y. Zhang,Y. ZhangyW. Zhang, J. Yang, S.
Kitipornchai, Genetic programming-assisted
micromechanical models of graphene origami-enabled
metal metamaterials, Acta,Materialia, 228 (2022)
117791.

[8] M. Simsek, Large amplitude /free vibration of
nanobeams with various boundary conditions based on
the nonlocal elasticity theory, Composites<Part B:
Engineering, 56 (2014) 621-628.

[9] J. Reddy, Nonlocal theories for bending, buckling
and vibration of beams, International journal of
engineering science, 45(2-8) (2007) 288-307.



o539l 1,5 S 35T oolol 38 (5o i il 15T SLblai yf (rdgo pd (55855 Judens

Vo ey iy (goiden ' xd s M oy 31 loae (ke

Ol eliils )57 g3l olRasls ¢ pwdign g8 00l (Sl sdige 09,5 )
u‘f‘ ‘oLi;JLA; ‘oLi'..SLc)S (2o oKiils g dige oaSLisls “_i;.ﬂfw (Ao 05;—Y

B3 e 5 sl )5y Rl (rS5e et 59 3l ealiiul b (alS sl (31T ST eslel b sla s T il ey ol 5
N bl 5l (G058, Galealls S8 18, il elie j0 (F9)530 Glagll b pwain Jlisle o 4 (ool sl (815 b oo sl gl
osle he olss 0o e basie Jlac! s 05er bl 15 ( dyans olye N5 5 00d oole e bl el 4F ol LS o 315 glals
b Sl S¥olae L9l oo drmbne (F9,550 5 Lod 4 atily 2ol wlgs 5 (53l Sen Laly, jloolatnl b (yglsy o ro 5 JB L Jgoo Jold o5 50
S lS b 3,8 oo gl g ke alils ol nib Sl lS 3 5 HTY aidleenss SVoles 5 olei ol (silolaz g5 s, 5l esliz
5 Sk g (Rl s & ool BLST (g ,s aldl &S ams o (i gl il (e Ll sgzge Dlalllas L ool s 50 35l S ol
Sl Jgse Ghals s 4y Lol S o gl S SHEGol 4z ST (50,550 Gl eizren and o0 Gl gl (b (S8 o JBe hals
55 55 g stk Rl s & s il i s 5 sl o Gl s & sl Jsb Gl ans e GRalS |y e ulS 3
Lgdi oo (b (5 B palS e

oS wlals
Y LN PR Sv i B P P e ST ) ‘élﬂ ol ‘;S.u,fi oolol 8 ( o5 ol (48I,5

Felisaeid @RAzi.ac.ir : Joal « Jgius oaidygs



doddlo —)

0o b 6lge cs ki Ll 51 as ols ylas ol ad o has «owyy oS8 awgs VAFA Jlo o )b cpinds gl "olgal 3 pogie
pole 18 g lals il ledie) ol oyl ol IV axtie G LB it (S Sl 20,05 5 s pddei Sl
ALMY‘ JSJA Y ) LJ}QJ.A)..\.C dl"bg;)"j J..u‘ﬁ.:‘sa as 60‘9.4 5094.»(5.4 aslld «éﬁ;& O‘}A‘)S» ral.) l) o)j).ol FLERW (e
ot S lgie 4 gl cp Ole cnl 5o IV aies Glas ags gl ke Shp o b (pite (gmlyy o (i
35 U aris &1 sl 53 0l S0 45 3 oo L5 5 Sl s 5 5256 oS oles b1 STl o SlSe (sl 5ol
9 d.:s.m‘so OML Ys_i.u)f] Wl Gﬂ..ua uj,u:‘j.: wfa 6‘)|b as 60‘9.0 ijso S J..u.:u )L>..> U] 2 Oges S L O)LXJ‘ a> i
Sy B aSey s Wsd oo lawde o] g Sgee Caz 40 Wigdh o 0aulS Sy S 0 a5 Jlej iyl lanl M L8,
5 P9 alie igen s e lo S ((J9Sge la by sl po 6551 Glaodlr o (los i Glad )5 @ 3 paie
L YT calonsl iy 4 slge cnl (sl (K3

5 551 oleiio 50 Blge S35 5 aalllas @ il ()8 58 el Slwojse G spiay S Olsie 4T SPeSSRL potde
ool 5o L] sl jiegil Ve ) adgase 4o LT slul 1 (S JBlas a5 wigd oo bl (solge 4 g3l Slge 3508 oo (IS
Sho Cend «glay (pl o o e 09l ced 00y (glosgl Sl o aS W e lid (65.K1caXs plir 9e5 jl Blge ¢ uliie
Oili8l Dals a4 oole (5,0 sloesl L lae jo mhaw 1o #dly slapil slaws 09l oo el a5 Conl Blgegil jo e 4 mlaw YL
Soiagi el slaglo 5o [FRees i (il 4 Cdr b 5 (65551 (alierd iy 2Ty wle (olss 5 Wb
6os5 3 eslatal b [Y] o) an o T bils dlles jlanilazsls  o3lasl ol 5l 28,8 L 1o b e, gl liles )| oo 4y (godsie
OUSen 5 il orizpand IS8 o Sl rb Gla il B (o it D50 4 SzsS a5 515 (2 ) Slaiw
Olden G2 yme y3 1) sSabgers (ol e (slo sl adleSTy ol wlitlas ) ndgaré (25,5 b3l (595 3l xS b [A]
B 1) oeebline Hlage Sad 5 (25,5 GLolS ¢ adsehet @B 56 5 wisls )18 asdllas Sy5e Sl 5 cenbline slo
S bl 6955 5l ooliinl L 1) atgmgo a7, slo,al ofT il )| [A] 7 5 )e Sl 5 Lo )18 s slandlas ;o .isges
Farhy Ghey bl o @l 5 605 siledan S ulT ISy SroWl s 59, » (rbsemd (255 GbalS 695
Sl (olod wgbye lasme g Mo xSlguSIE @l 5l 38,5 A ol [V o] Kes ¢ Mas ol o isges gl sl
Ll Coenl 52 g 20,5 (o) p Jelod (o9 4 895 0LolS 5 (xdee e (slagiss oS S L) gl (Seelis 5 (St
Ai0gad A TBds \Ligil (g5luags 9 b o Ol ol o8

U] U"j; o..\.:éL: 9 Sl 4>9.’ J.’lﬁ JSV.& 9 b 6LQ)-45)S¢.A ) o)|..\.:‘ L) wlg ).\‘ S wole L)L“"’ [\\] ul)lio.as 9 M
olas easpdlol (25,8 (bal,S 5 sadpdlal isS (25) SYL 4 e slacs 95 Shookiiunl L] 0ed o o yol ol 4 ,oxie
sl s,990 of5T Sl )| [vy] OHas 5 (5 pmel (pizen Wi 028 S 4 F K0P jlewsadaule slailly a5 wisl

OB 0 Gl (xdge e dteai¥l (6555 Cozlr 0 5 ieed S ambo 6595 bl ip 1) @lopls StV g xSk oS

I Metamaterial

2 Auxetics

3 Nanotechnology

4 Hao-nan

> Esen

® Gartia and Chakraverty
7 Winkler—Pasternak

8 Binh

° Flexoelectricity



Jonilty § S yiSlgsey oo S (3950 Elad g Culind (ondgared Jably 2 Caled 10 W3S gy SzsS oliie I
WN3)S gy 538 Djpo ) (rb Slo S 8 Jlesl (S48l 5 pniblise slo

F,536 5 Sk il Loyt (pme DY Tigm 5 el b L Gl (sl €l 57 ol j3D pogie 1290 Jlo o
Elibgn b VF] ul ) San o Tocmal oo oA Jlo 5 1050, oaslice ool (59, w9Sag,See b1, cudl§ b laayy ol
Ol Sladn)lS 5 03,550 (31T plss 3550 50 (s BB Slagizs ooy o 5laisls gl ]y G35 4 S a5l g (59,556
eolSe b 8Bl 5.b conigd B, i (53,556 b oS el oz gomsdns Hbls Ky ol 5l 031, sl oad ol
WY ixe 4 € 0l 5 €50)5 1> o 4y € )3P ()T )0 45 el o 18,8 4l (5 51 (ol gl Dol 095 o JoSL5
b slogsd] sl bl aties o] (ool ol amain o aSly (315 355 0 &5 (ool gl G815 S ST Cnals (Lol o
S92 998 S 5o ot 5k s ojle S wiile (AES LS aS 39 o0 Jol (sumdn LS (BT amio 5 (53,55
KB polie Ul cine (98l S (o5 o0 (59,958 42 )3 i b g Sanl dain @y s JB8) ol 09doe banie Jloe!
Sowols S L Al om0 ol Bl 1) Cujgals plloninl 5 (P e & (oS00l BLS Jds Geee 405 oS (2
WS ges b pebas BB (Seelus Gl 5 YL 655 i SebB Lokl 3 G ) ol oSG 55

o o Tte Dype 4 Lialydl S L eadiagh ST el p s s e bl Vo] S 5 7l
ol olts gl b > 20158 Jeadlih Sits ) b sSidgars s S¥olas 5 i S5 ST olss (S Y i b i S
s oezle 0 D] Sk 5 Mgyl e S o J5uS |y (o sd milS 8 (55 5 (0,850 (Ol 81 sl szl
Jims 5o ygabgé e Caslinds b ool 5l S S5 03T 3| slo Sy 2 hie Ggmiliy Connd S8 (g 22 5By
Gl cq olal o laY O e 40 Sl plgs ple g aulsy Cad LaiB oy st Cwlo b ol gosnas o L
D (R S (omgitelin S8y (Sleg S sla e Lawgs g o (gaimaz s

Lama 50 SV i (555 2 omB o ool QIS (sla s ol litlas | g (leS cwyp 4 DIV] ) Se 5 T8
5 oaSpdlol 53 (6558 3l eoliil b 5 (gioms 5 b £35S Nalos g5 €55 4w (285 0 o b el wsloyy g~
O3S (S0,050 (39 il g igd ced bl (uileST 4y e Lo g oole oy lael slagjer a5 wSsls lid H1EY S¥oles
bt Sealis 35505 b DAL (0B 5 o) el ol Bl Jly eS8l ) Gly 2 550 mlp 5 0l
Sl Ol (SilSog,Sen Joo Sl oolinl b (S g 4 jo 5398 wszle 5o |y (gl 315 sl obil 5 bzl S,
(bt Vol Jo (sl 99950 LSS ) 5 (5jlusinnnS GlpES B (g 5l 6550 b ol is,S Llow saidedlol
53,5 (pluolid |y (ouilS 9 ks o Shly (e (Sadicin alex oS slaonyay

GBS L oadlosi sla gl (Saslus J18) 5,0 w5 gl sla)lizlu 5 oolalS olge ais) jo 2 Glocd i w4z L
Ll 155 52 slofay ol 5l ladlon ()59 sloojles 5 LS e o R polii] 03,55 (sloo )57 o 4y ol
Olsie ar (oBpsl 35 5l ooliiul 5 rdgere il plojen (28,5 S 5o L Wl @lals )l Ry waste slaiaghy 057
5B oK)l (omdser 6395 2 (e 695 Siluhe o AL b caslllae (ol 55l a8 S 8zl 5 )0e yeS w08 u s
oS p rdge s bl g 58l Job (ol gl BIST (59936 o pd (el sl GBS (hg e yd el gulS sla el

! Origami

2 Graphite

3 Ebbesen and Hiura

4 Schniepp

5 Graphene

¢ Zhao

7 Differential quadrature
8 Murari

°® Gao



b Sl ) e Wlgice Ghme%y Cnl @l 950 s (HBepsl G35 S8 T ooleld b onisysi (sla gl (xeeb sl
Sl lgen padas BB Selos o Slee b oolel 3 slo 15450 aige

K9l 31,5 ST eobel 3 (sl 3T 3l )l ey 4 08,508 yobo s NANO] al o g 4 (i Slusl 4> )3
150516l 4 anoly SIS g o 5,5l wlide 4 Sgame Slalllas (ol Lol caslassls p calidre oS 15 (slos, 955 5l oolazwl b
30 99298 (soiliym B Sen p Cud a4y HoB LS gy SGlSG 05T s Sl 10 gl oo Coenl Pl oIl wlae yo aS
e Sag Sl sl Jow pleol b ol gl 81,5 35T oolel 3 sla il oly1 olas )l oy a0 adllae () s b lisLogils
sl @ O cnl s ead (Bpme (mdge s bl jlon o0 (Kl (rdgepd etV (695 5 (S SRy2eln 2 (e
) Sl s 555 b lin ;5 onr slal5 3 | 55308 st 3 A5 e S |y S8 ol Sl g
S oo S 38 ] oolalyd e gl Lo (o |y cagee B 9 00,5 pleie 9gz g0 Dluol 1T, Lol IS el ) oo e

gy 9 dlge ¥

.>|9.o -Y-

Siloxs 5l &8 (Shy ol 4 Slese Ghe vl capd b SEFT G e eole Sy e b lSygl IS S
b s b olKygl 31,5 e s008l Gl 5o 00,05 oo wlias gl Loldie jo 0315 00l awain ) Logiiuws aSl o g55us,Se
S0 ©0ed o 00le oo ,e bluilieel (piaSttos oadli 2,05 ol 5L L g oo,S Wl ]y Jud aws  2di g So,95
50,5 &) 1) 63, luenl op 9o @Rl 5l GELS A g i b (Sl i g )L JUES! p ogdle (que e oS
L ooole (ol g aiS oo cogis |, S338T 31 Lol gl @815 o )0 g oo Lol 38l oy i8S oo sll dmio j0 0,5 Jlusd olgs
et Sl b g (500w ab iy oo )5 ln 1y IS ojls VL (o5, i wgs glalo e s S-S (i
Silw o Jloasl s Slos
el o 0,8 somyel )b S55UsS sla g, a4 ol A 50T alldie ol oo ools lis VS )0 |ygee axlg ok SO
5T 7 5 4l 5 D g a Ll b edaVlsslse Sy s — B LSS si i SzsS sl bl 1) asly sl
(g ol 50wl ool (g 23 XY amis g 053 Gl (0,00 18 axpd e B jas o5L 0 a5) 0 S50 s> 99° Gly uizen

H =a-sinédsiny
cos@tany

\J1+cos® @tan® y
L=a-41-sin’@sin’y

Vebo—t )

1+ cos® @tan® y

tan& =cosédtany
siny =sin@dsiny

COS y = C0S & CoSy
sinp=sin&/siny

S=b-



ks 5 255 Gy S5l Ol ) 'G5l 8ys a5 el S5 Lls e 9 € [0, /2] sy €0, 7] LE[O, 7] )T 5 a5
Dl oo Dgmzte b yinS B xdaw G 559 ol gy cpl 31,5 L bglas slazel o oS0 L

D01 1ygu0 anly Jobw SO 51 (Sasloud 1) S5

Figure 1: Schematic of a Miura unit cell.
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Figure 2: Schematic configuration of a beam composed of multiple layers of graphene origami-based auxetic
metamaterial.
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Table 1: Natural frequencies of graphene origami auxetic metamaterial nanobeams for simply-supported
boundary conditions and their dimensionless comparison with various references.
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Figure 3: The first three vibration mode shapes of the graphene origami auxetic metamaterial nanobeams.
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Table 2: Natural frequenciges, Young's modulus, density, and Poisson's ratio of graphene origami auxetic

metamaterial'nanobeams with different weight percentages of graphene origami.
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Figure 4: Effect of weight percentages of graphene origami on the natural frequencies of graphene origami
auxetic metamaterial nanobeams.

AR



9l (315 (59956 woyd Sl Y-

Sl Ogley curd s S (b Jode ol Sl 8 2 (ol sl G815 (59,550 Gl 536 o3 Gl o
O3S Eee (59,558 o )d s rb (5,8 0 IS o g el WY Jgaz jo (sl (815 SIS eobel
B rabs lS 3 5 Sl oo auoys Ae s Ve 51 50,05h Liml3al L o5 amd o ol gl - ansl o0 s olS ]
S053 il L g, el ulse il 0oy BT+ gl oy llas ya3 4 > 48 il e ialS oo TVS o SITY
Ghlo a8y als ws o YY) g VYY) Cuip b iS85 KL Jooe a5 (659b 4 il oo aslol 30 ao 0 A0 4y A
LB (8) 5 (F) Luly, 51 oolital b &l ol -aileso ol boosl ples 4 3o Iz cslyse Uil dojs AY.D guslsy oy
W calgialS | &, Jsae Y'/?HG‘VGY P a/aHGVG Jolos shie OMaz 53,k 51 (F0,050 4z o olidlica] 4oy
a3 o B9 (5558 SIS ) 5 care polie oo 1) (ygmlyy oy Hor b oo oo L f, 3lol gl a5 Jl> 5o
Sl S5y 03,550 awdild 4S o meogi O)so ul & Olgiee | (S9,550 Ol SRl L L Jose ol (So5d 5l
Sl e o S gL ) L S (535 o o w5 e o ppcillani slaVy) (e o5 455 e sl ' b s,
oledy 00,5 (oo (guwdid (Sabp s Bl Sep 4 yie pal (pl & Wgdioe Lndy 15 Phe JUESl e 1) S ek g S oo
g odls 1alS Iy 5o uled lhe &5 Wgdioe e miple 5 (RIS 35 Ol (ro9e GlaBS Slml coge 00,520 (A
Sl s 50s el 55 ¢ 31,5 ay G slayl i Jal alS ol oS e s |y odlsyily oxbaesym sl iiSon
Bedon Cgmite CujenelS Sie Sk Joe SIS

GalS el o 0392 Sl Joko 2l 51 BT, a xlo (il 3 alS 05 i 8 Hor il cos JSz o LT
5 5k a1y ST ol 55,55 Gl a8 o s e s a3, Cal 9,5 on (VD) abl, Gk Jige i
U oliee e QBT L ke ol g 00g0d s 1) 239l (ol (5,8 (i R0lS s a0 Lol oS (oo Zus (4258
S 3l (Shg 99 Gl G (elie Sl (50595

Table 3: Natural frequencies, Young's modulus, density, and Poisson’s ratio of graphene origami auxetic
metamaterial nanobeams with different folding percentages of graphene origami.

lidn (50,950 glaaio ;s b (ol 59l (81,5 S 35T 00lol 3 (5o i 93 Ggwlyy Apd g I «STL Jgio orub G uilS 8 Jguxr

(o9l G315
S&=
ol ils )8 - &b oo 31,8 55,050 ooy
gi"“)s o}w‘% sy )"|°)S9'L‘S) 4 JS/ ] PSS f9"’ p)
(5 2155) oo (IS ol
\Y/#Y e AR IXEAi4 Q-/vyY v
AAVARY —+/+£Y) IXEAi4 AO/ Y A
\Y/V- AR IXEATi4 YAQ - q-

I Re-entrant

'Y



1351

13471

133 ¢

13.2F

(5 ,25) uils 5

70 75 80 85 90
ELCPT NS  SYTE L IRV

(o 39l 91,5 S 35T 08lol B 5o digil oxmb (SloilS 8 (ol yal B8 (50550 Sl yd il b JSb
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auxetic metamaterial nanobeams.

29t Job il -Y-¥F

5 el p 9t Job (Bl ST e Gal 5o (8 hl 6595 50 Job 4 (b (il B nuld (Soly 4 4z b
Ol re 9 (S (Sl Jsoe comb (5,8 Ol adogine mls ¢ plaie (s 39,5 oo (o 5 0 00le S5 (plsS
oo s 39l 9 Sl sb i g2 (xS PSS )3 5 onds Wl oad (5l T T Jgur yo il Jsb e sy
Jds 4y 2als ol ol e 20lS V0N 5 VYO w1 oh 51 el Jsb i B oo )s OYIOF 5 YYNY ek LuilS )6 a5 Js
2o 5 4l a5 5 spiyilinl 5 oy sk il b e el e fias i alS amt o 5 sl Job Gl
ol i Dl s 5 56 B g 059 oole plss ) Jiius JLdS )l o 2alS Su 4 el IS8 A

Table 4: Natural frequencies, Young's modulus, mass density, and Poisson'sratio of graphene origami auxetic
metamaterial nanobeams with various lengths.
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Figure 6: Effect of nanobeam length on the'natural frequencies of graphene origami auxetic metamaterial
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Table 5: Natural frequencies, Young's modulus, density, and Poisson's ratio of graphene origami auxetic
metamaterial nanobeams with various nonlocal parameter.
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Figure 7: Effect of the nonlocal parameter on the natural frequencies of graphene origami auxetic metamaterial
nanobeams.
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