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Design of Concave Hexagonal Auxetic Metamaterial Using Cell Topology Optimization Approach
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Abstract: A cell topology optimization approach for concave hexagonal auxetic metamaterial is proposed. Based on the ground structure
of the cell with different concave angles, the material bottom length and rib length are taken as constraints. Taking the maximization
of Poisson's ratio as the objective function, a topological optimization model of concave hexagonal auxetic metamaterial with different
concave angles and concave hexagon is established and calculated. The auxetic structure is obtained through the periodic arrangement
of cell structure by topology optimization. The macro model of metamaterial structure is established, and the negative Poisson's
ratio of structural cell is checked and compared with the theoretical value, and the mechanical behavior of concave hexagon auxetic
metamaterial is calculated. The results show that for the concave hexagon auxetic metamaterial, the larger the concave angle is, the
stronger the negative Poisson's ratio effect is. Compared with classic porous material structure, the design has higher bearing capacity.

Keywords: topological optimization; negative Poisson’s ratio; concave hexagon; cell

KFEHE: 2021-08-22

ELTH: ZRE ARBIEIL ST H (2008085QK245 ) 5 LR R FARB AR S H (KJ2019A0747 . KJ2020A0490 ) 5 Z#
B RAG AT KA 3545 H (2020QDZ07, 2020QDZ38 ) 5 GEUE LI & B A HE AR RITH (2019YF-029 .,
2020-YF20, 2021-YF22)

&R BNy (1985-) , 9, Ui, fid, SEBEEIT T 1n N SR s i SO A R S R B T



22 BRERRFFR

%30 %

TEFA LU YRR TE A L2300 1) B i AR,
TEA LB RRVEA R A 1] 22T R85, ERME AR
F5 Ve B ) R m) AR TR AR . JAFA EE
SEFEAPRHESZ Tz 0y 1) T, FORE )y AR 5 1)
S FEAE AR OB Y A T T T A AR A
BUE— A /NT 0, 5 ULIY 4 @A #s H— B 7E 0.3
Fedi o WSRO AT R R T R4
FEE ST E R FIRBULT- A AR 1L, Hyass e
0.5,

29 160 4F R, 28 Mg Pk B $E 1 T R B
FOARA LA AT R o 5 DL 0% P 10 45 k) A 355 P 1]
INITE L WU AR A AR AR 45 A, 1982
4F, Gibson 45 PV B H T N M I g A 7R
Yang S &5 42 W T —FRREIE 22 AL A SR LS5 44
KR FMIL AT B T A LR AR A A R
LR RAL TR T —FP R iR 2O ke ) T2
N FHF ARt A RS AR U8,

FIARAA R BZATE P ORISR FAIARN bt
AL QB GUARA LA R B4 8 A Lkl @
P 22 3 R T 4E ) 22 B R YA AL LU AT R D
FAFA LB RHRIEE SO AL LU R R B8 iy 73R
/N =Ry vy

SAEGIAM LA B L, SIA8S E R A BT
8N T RN [E = P S iR IS /N S § VA<
B EM BT R R R E A MR PIRG
PR i 4 5% b RHES SR HME g it 2 1 AT T
MR GEHNE (R P AS T  # AT LA B ARSI . SR, 1A
s LB A BHEAG 32 21 R 07 isp Ay Wi 52 247 7
B ) BT P R o AT s R L4 e 7R R AR )
Bz A RS AR TE R T, RIS 7 I AR BN i
REAE XA AL (A e ) 8 ) 7R 2R R AT — 8 B0
Bl 25 TR LU B AR 2 A R DRk 2 i, & a0 S )
N AR U3 S B AL ks 14181 G 815 kL 7
TEPERS T R AR U B A U0 RN B A 0 S
1. 1989 4, Bendsoe®' SR F st 25 44 2 (1) 40 L
BT EERHATHR ML

A SOR A A BT d il T BT M AL
BT, R M MIEARTE XS P US E T s A it
TrRFMEAL DL ARAS 2 0 BT R A 42— JR) 1
A THES T ARAR A4 LA LA 14

1 WEZSIE SRR R T e
L1 SUHAALLEHE AL

VR HL R 5 B LA /RS2 160 o R 6
AL SR SR R TES I IE U AR
T, B 1 A AT 1 2 L (EL AR, JO8
ikl

£, Ax/x

V=—=—

£, Az/z (1)
K e, e 20 R 1) AR OGN AR 5 A, A 53
9ol 45 R 2 A I R AR 1) AR TE RN T AR T o — BT
DL R TR O/ INRIA L A B A AR AT G, 28 L5
JrEE BRI T BT 25 i [l ORI HUAE
TEHEA -1.0 ~ 0.5, AIFFA FLHUHE L EoR A
FERHEA AN SO BEE I AT AT
1.2 AMRBFAIMILL

ARSCRE R (RO ) 450 CZ )
BEATHRTE o R F AR 7 i SR A DRy 22 IR A A
AZEIRTEE T RO AR T B S5t AT 4
MLt R LA AT 2 B LTI F 4 — i S
JHEATHES A TIZRAT S JF s FU BB A R A . dni
1 PR :

R HE
— —
He F RS
WL MM i
X

B1 #W%-50-—4ui

PIUZSIDTE IR A &SI 254, (B2 H i)
NG R, Hoda IR b RN K e
i a,c RH 500 APIUG A (< 90°) o 0
K 2 frs

B2 AWMaEEaRTRER



% 14

BT R T RABAMEAL R 8 W SN T B TA AN P AR A AL 2 A iRt 23

FRHE A An HeE R S E g5 1 fn
LA RoR A,
& dl

S (2)
£, da
HRE LA 537 A ) AR e, AT ZRIR A,
_ sin6 _
fa = sin 6, ! (3)
2, 00, 0 T35 R I TCEE A K B F8 B AR IE 5
ﬁgo
1 ]2 AT TS5 # RSE b a, ¢ FILRT IR #A
O Z AR AT RIR N,
(a-¢)
b= 2cos0, (4)

T M TTE I RIars v oy P4,
bsin6, (cos6, —cosb)
Vz(a—bcosOO)(sinOO—sinO) (5)
H= (4) FRA (5) I3 T,
(a—c)tan@, (cos, —cosO)
B (a+c)(sin6, —sinb) (6)

KM Matlab B2 (3) 12K (6) BEATHHER,
A TS AEITES R R ) N AS e, (] 3) FARALE v (&
4) .

HA GRS HEROR S N NS B S MIE A AE
PRI FRAN

(1) S 1RO - 25— R
I B AR A h— R BN MR 4R g oo
(& 2) Frdi .

(2) XML E5 0 LT AT 25 A A , 38
PTSUBE 2 B IRIEG £ 0o, K SEIESHE L TT Y 111
THPA LAV

e —— )
5 |

0 0.5 1 15
Golrad

B3 ZMRETHEENT & SRk

14 E"g‘_—————:mq‘

12§

! \ 3]
2]
s

t 0,

|

50

‘ \ 05 ]

0.1

0 05
ﬂolrad

B4 ZtaparTiartt v F5%

(3) MR 420 3R (2) ARAT A AR LA 2544 i
JC, $%— R THES L LA LU AR

(4) AR5 20 5K (3) 2RAFHY TR P LE B AT R &5
14, R ANSYS A FRICH A S AR RIS

2 NS MIICET 17717

Sk 56 UE T M TTH ML 8 N T 7S E £
TA RN B A R 25 40 22 MR, AT R KA B
JUER ANSYS EF7 A, X1k I 0 25 44 i e it
15752 F153 AT FARS FLBGUE . AR SCHEST AR P 1
NG IT, BELE TR S a Fl ¢ HE
i, MR A E 0 A, S5 T RS a=3 mm,
c=1 mm, WITAFATE 0,=30° .45° F160° ,HRlHE
B R 1.2 x 10° MPa, #PEHARS LR 0.29,

R T ARSIEZE A T T LW s A2 Fr, A AR
55 A 1 B 256 20 S5 M T 2k A 2 R o
[ 22 295, LG L sitiite Jin 5 MPa K/INEHLI J7
21 WIHAE 0,=30° KWMNiaH

25 45 B 7T B9 2 1n) R <} 2=1.155 mm,x=3 mm,
gitfoT )G , O AE L A =-0.445 51
mm, Z5 T AE [0 AT A ,=-0.195 148 mm. }§
A BRITO A RACA A (1) v LA 24
FALE, IARA HE =-0.167 9,

qqqqqqqqqqqqqqq
999999

S1L.E818  -E.SLIM 500044

B 5 60=30° ZHmERE



24 AR KFFIR

%30 %

1 S— e
-1.95148 -1.08536 -.219238 GREEL 1.51%
--------

El6 0=30° XFEEHE

22 VIRAE 0/=45° WMNiBwH

S5 K ML ITH) U6 FA B Op=45° , Y\ 1 R 2=2
mm,x=3 mm. 2N, 458 i T B 9N 1n) AR T2
H A .=-0.634 55 mm, Z5F9 L ST RS 10 BT A =
0.511 254 mm, KA FRICH B RACA LA (1) 7]
IS B R RHIARS L, TARA HE v=—0.537 1.

sssssss

--------
ssssss

B8 0=45° X77EERE

23 WIHAE 0,=60° KMNin
SEMI ML ICRI R FA B 00=60° , ZEAE T 1H)
R} 2=3.464 mm,x=3 mm. 7ENNZRAM )5 , HOh1H)
AR A=—0.717 286 mm, %% #4 it 7C B A6 1] A%
A,=-0.554 977 mm, A RICIFHLRICAR K
(1) AT LA B RIARA L TARA L v=—1.492 36,

Sp— H—
24.9814 19,4295 -13.87176 -B.32572 -2.77382
-22.2085 -16.6536 -11.1007 5. 84877 002127

B9 6,=60° ZFmETHE

B 10 0,=60° X AHEZERE

S ~ B 10 nI 1, Bl 250 T w) ih #h
(ST, N M7 R S5 R T S ps L (it ik

R RAIEAT BRI (R P B A2 far I 0 T 45
PRG0S0 R FE A5 ANER S A AT xf ke, R
PELEMIMITC IS} a=3, e=1, WILRFAE 0p=30° .45° Fil
60° 73R AZ (6) IS vy =—0.168 6,450 =—0.5050.,
veor =—1.517 5, ¥ BRICHT B4 RIS T 45 51
AT, ATAHARA LU AN SR 1 Fs

&1 AMLE

Vs E 30° 45° 60°
ARG -0.1679 -0.537 1 -1.492 36
BT -0.168 6 -0.5050 -1.5175

A ROTH R B0 4 R S Be TR B0 4 Rt AT
X, A BAR 22 IHE 109 LA PA, DT Js et A BR
JUPTERHERRTE B S FE BT A 5 B

3 NMNIE A RESTEREDT B

3.1 AMNARBH AR LS
N TR R R ML B R AR S5 2 T
SFIERE, A SCR 2 I MEALR IS 3 AN



%14

BT 5 R TR IBAMEA 6 R S TG R AN P AR AR 2 My ikt 25

Fotk— 7 JRIBEATHES A5 A R BAT 2 WA
RSO A R A A . AN 11 BT

ISX3X
TPXPX
252524

y
B 11 WENGEEREHETREER

32 AMNBEBHRERERTHE

HRAE & 9 I , 45 K4 i o4 R — 5 A BRI 264 7
HEZ, RTSRATAHR (B A S5 H . SR A BROTER
ANSYS #EAT EAL5 B, MR EE R 3 A A T
ity [ 5 2 L, LT i S MPa K/NRRLR 7
321 14k A 0)=30° BATHLEH

H— RINVIIAE A B 00=30° 14549 M o4 %
14 A8 B4 L 25 4, G\ 1) R SF 2=3.462 mm, £ 1] R
SF =11 mmo ZRINT 21T , A AL S5 A4 18 9 1) AR
JE A A.=-0.380 01 mm, 8 b R} 45 ¥4 (1) 15 ) 25 72
A,=-0.136 8 mm, A (1) HHE A1 RS
FIRIVARS L v==0.113,

295551

B 12 =30° Z FRTHE

nnnnnnn
,,,,,,,,,,,,,,

B 13 =30° X FEERE

3.2.2 Andb A B 0p=45° BATH LM
R UG F8 B O=45° BIZ5 M oT, &k —

S B HE B 20 i 7 WL A A e 4t A, L ) RF
2=6 mm, i [8) K5 =11 mm. 0128505 , #AR
SERIBIYNE ST F A =—1.13555 mm , A RS
(8 1 A5 T A,=—0.598 61 mm, Z/AF (1) &
FIAHER A RS TR L v=-0.288

S

T
. 608057

T = =
-1.13555 -.§71805 -.344308 . 060561
-1.00368 - 5183 -.212435 -05131%

B 14 =45° Z FETHE

e

S— —
598611 -. 320799 -.060986 207623 476634
-.484208 -.195394 073417 -342220 61104

B 15 =45° X FEZERE

323 4k A E 0=60° BATHLEM

K W6 A1 BE 0=60° W45 KM IT, 4G
R RS A, A1) R 2=6.928 mm, i 1] R
SFa=11 mmo SN RS, AR A 9 1) AR
&R A.=-1.538 47 mm, B4 BF 4544 1 1) A2 2
A,=-1.299 89 mm, £/ (1) AR RS
FBTARA L v=—0.532.

=

-1.53847 -1.18083 -.823184 - 465555 __ =.l01817
——————————

B 16 =60° Z FEZTHE



26 BRERRFFR

%30 %

-1.25988 74 LA1T034 985343

-.727582 i =.1552"
~-1.01374 ~.d441428 .13088 L703189 1.27%%
B 17 =60° X HFEEEE

HTIE 12~ [ 17 "T4%, MR IR A G A
(9 DI FERON BRASH MR E AT O . B 4544
TR AR A SR SRR ES A4 ST A ARt b
R, HARARL A S S M M OA A FERRV 26 4L

4 Zhe

AR SCR M TR $ME AL 77 2, LU B}
TR LN Y65 Sk B, A5 T 9 T R
HAATARS H RO B A B, A R e
ANSYS X5 B, 455837

(1) FF T FMEL B T 2, A5 280 P 7534
TE AR IFTARS B R R IS0 R ) K SRR AN AR
10 SN2y NS TR S VA e 0y VA o i KT AN S E e
PTG — 2 A UIEA THES B 2 ORES R A A
BN AN R T AN, A B AR — B

(2) A TAE G IR ZE R BT AT RS T i
IR EFIFFMEAL A 25 A SCREUT X 7S 21
WG FA BEHEA TS , 4 SO R F AR 5 R M 7S i
(14 £ 2 FH PRS2 56k TSk, B A Rl i e 7
FIAMS RO SR EAR S R

(3) WIMZS P M oo — 2 J5 B HES) I 4 4
EE N ORISR N R ey 3 QIR < S A N 28 3| N I E A
(F&) 7 7B, JCRk ot 25 & AR R ik (i) 2808 .
TR 2 o 45 4% B R HAE TR ELREA T AR R A4 <k I
HBAE A HARIE , X R AR LS5 F 3 AT A H T R o
FrF ML T LIAS 2 (4 B I b LR A RE A 4, X
T HG R A 35 R4 110 R BRI S8R A b A 25 W oy T
AFE

SE
(1] B, Z#iEE T IR MEE A IE

TARA F BB A BETT (], B A R 2241, 2019,
53(7) :819-829.

2] ZEW A, BT AR SO B RS BT 2
RESLTL IR AMIE AL L ()] &2 & B R 741, 2018,35 (4)
1014-1023.

(3] AE/RHE, PEDC . RGNS SOR A LR AR K
FYERE (7] MRS TR K712, 2020,41 (8) 11129~
1135.

[4] Evans K E.Auxetic polymers[J].Membrane Technology,
2001,2001 (137) :9.

[5] L,J,Gibson,et al.The mechanics of two—dimensional
cellular materials[J].Proceedings of the Royal Society of
London A Mathematical and Physical Sciences, 1982,382
(1782) :25-42.

[6] Yang S,Chalivendra V B,Kim Y K.Fracture and impact
characterization of novel auxetic Kevlar®/Epoxy laminated
composites|J]|.Composite Structures,2017,168:120-129.

[71 WuJ L,Luo Z,Li H,et al.Level-set topology optimization
for mechanical metamaterials under hybrid uncertainties[J].
Computer Methods in Applied Mechanics and Engineering,
2017,319:414-441.

[8] Bruggi M,Zega V,Corigliano A.Synthesis of auxetic
structures using optimization of compliant mechanisms
and a micropolar material model[]J].Structural and
Multidisciplinary Optimization,2017,55 (1) : 1-12.

[9] Wang Z P,Poh L H,Dirrenberger J, et al.Isogeometric

shape optimization of smoothed petal auxetic structures

via computational periodic homogenization[J].Computer

Methods in Applied Mechanics and Engineering,2017,

323:250-271.

WEN . TR g ) B 8 W i 455 TEREBFSY (D).

Ty TLRIK S, 2018.

[11] Lim T C,Rajendra Acharya U.Longitudinal modulus of

[10

—

semi—auxetic unidirectional fiber composites|]J].Journal
of Reinforced Plastics and Composites,2010,29 (10) :
1441-1445.

[12] 1E&%, SKAHE ML . SORAS LU BRI S5 48 i T i
J& [J]. J12241,2019,51 (3) :656-687.

[13] Scarpa F.Auxetic materials for bioprostheses[in the
spotlight[J].IEEE Signal Processing Magazine ,2008,25
(5) :128-126.

[14] Xu B, Arias F,Brittain S T, et al.Making negative
poisson’ s ratio microstructures by soft lithography[J].
Advanced Materials, 1999, 11 (14) : 1186-1189.

[15] Zhang S L,Lai Y C,He X, et al.Auxetic foam—-based

contact—mode triboelectric nanogenerator with highly

(T35 45 W)



Litdh, . KM EAER

A, | IR AR e A BRIV R 45

4 755

(1) BEYUGER o AR 2 ik 1.0 s,
HECELEE R 300 K A, SRR N 51.74% 5 Kk
W 0.1 m/s  #E T KR 290 K B, 2 #eR ] LIk
2 74.73%. AHLL T2 AR KAEPGR T

(2) R - KEAERET, 352 8ok
PR T A 15 R A5 AR A HL 23 SRR Y g B
BEPECRAFTEM BRI AR . KU H B 0.1
m/s . &5 S A 0.5 m/s B, &2 A RRCR IS S
e, h 71.66%.

(3) MR A AR AR, 25 LGS
TAFRFYRWE K ERRE T HEKN A
PRI POK, 2R - KA B PR S T T E 2R [
A RIBCHOK s R

B2k

[1] Seveda M S.Performance studies of solar tunnel dryer for
drying aonla (embilica officinalis) pulp[J].Applied Solar
Energy,2012,48 (2) : 104-111.

[2] Roustapour,Gazor H R.Influence collector inclination of
solar dryer on apple ‘golab’ chips drying[J].Agriculturae
Conspectus Scientificus, 2015, 80 (2):101-108.

[3] Ivanova T,Havrland B, Hutla P,et al.Drying of cherry
tree chips in the experimental biomass dryer with solar
collector|J].Research in Agricultural Engineering,2012,58
(No.1) :16-23.

[4] Saim,R,Abboudi,et al.Numerical simulation of turbulent

forced convection in solar collector provided with thickness
baffles and fins[]J].International Review of Mechanical
Engineering,2009,3 (4) :373-381

[5] Ammar M, Mokni A, Mhiri H,et al.Numerical analysis of
solar air collector provided with rows of rectangular fins[J].
Energy Reports,2020,6:3412-3424.

[6] Gong X T,Wang F Q,Wang H Y,et al.Heat transfer
enhancement analysis of tube receiver for parabolic trough
solar collector with pin fin arrays inserting[J].Solar Energy,
2017,144:185-202.

(7] BAERAE, S005, 5K) Rk, 5 R BN R AL T AR R K
PHAE 2 THAERTERE (1] RL T4, 2020,36 (6)
188-195.

[8] BWdS, XI5, Tk, 5 . PR AR K PH 82 AR AR
TEAL ()] A TER,2019,38 (2) :819-825.

(9] XU, ikt JriE 5, 45 L AUl F R BH B AR XUk
RIS PPERR B BB ST ()], 2 HIFHF,2019,35
(10) :79-83.

[10] E5E, W . B OSURGETIE i il 2 AR AR X L
SHT 1] AT FRAERRIR, 2020,38 (5) :612-619.

[11] Ma J W,Zhao Q,Su Y H,et al.The thermal behavior of
a dual-function solar collector integrated with building:
an experimental and numerical study on the air heating
mode[J].Energies,2018,11 (9) :2402.

[12] FELEAE, Jr i, ik, 55 . RFHRE GGG & R

BB 1)), L ROE SR 7271412, 2019,27 (6) : 70~

75.

SR, ShE A, T P ARRK FHRE XU AR B 25 AR

PAERE R BRI BT (0], ORI Tk 2= B4l (A 2R

Fl£RR) ,2013,21(5) :100-104.

[13

—_

(B35 26 M)
sensitive self-powered strain sensing capabilities to
monitor human body movement[J].Advanced Functional
Materials,2017,27 (25) : 1-7.

[16] Li Q,Kuang Y,Zhu M L.Auxetic piezoelectric energy
harvesters for increased electric power output[J].AIP
Advances,2017,7 (1) :2158-3226.

[17] Grima J N,Jackson R, Alderson A, et al.Do zeolites have
negative poisson’ s ratios?[J].Advanced Materials,2000,
12(24) :1912-1918.

[18] Ma Y H,Scarpa F,Zhang D Y,et al.A nonlinear auxetic
structural vibration damper with metal rubber particles|J].
Smart Materials and Structures,2013,22 (8) :084012.

[19] Bertoldi K, Reis P M, Willshaw S, et al. Negative poisson” s
ratio behavior induced by an elastic instability[J].Advanced

Materials,2010,22 (3) :361-366.

[20] Wang Y C, Lakes R.Analytical parametric analysis of the
contact problem of human buttocks and negative Poisson’ s
ratio foam cushions|J].International Journal of Solids and
Structures, 2002,39 (18 ) :4825-4838.

[21] Bendsee M P.Optimal shape design as a material
distribution problem[]J].Structural Optimization, 1989, 1
(4) :193-202.

[22] SOKOLNIKOFF I S.Mathematical theory of elasticity[M].
Malabar: Krieger Publishing Company, 1983.

(23] FLIEFFS . ANV A BT B S22 SRS R (N ().
TRk, 2017,25 (5) :26-29, 34,

[24] Hu H,Wang Z Y, Liu S.Development of auxetic fabrics
using flat knitting technology|J].Textile Research Journal,
2011,81(14) :1493-1502.



	建筑学报22年1期（能复制）_部分21
	建筑学报22年1期（能复制）_部分22
	建筑学报22年1期（能复制）_部分23
	建筑学报22年1期（能复制）_部分24
	建筑学报22年1期（能复制）_部分25
	建筑学报22年1期（能复制）_部分26
	建筑学报22年1期（能复制）_部分45 - 副本

