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Functional element topology optimization method based on multiple evaluation

points for metamaterial design with zero Poisson’s ratio

YANG Deqing , ZHONG Shan’
(State Key Laboratory of Ocean Engineering, Collaborative Innovation Center for Advanced Ship and Deep-sea
Exploration, School of Naval Architecture, Ocean and Civil Engineering, Shanghai
Jiao Tong University, Shanghai 200240, China)

Abstract: The functional element topology optimization method based on multiple evaluation points was pro-
posed to design metamaterial with zero Poisson’s ratio. The zero Poisson’s ratio effect of a cell was achieved
through multiple evaluation points that defined positive and negative Poisson’s ratio constraints in one topological
ground structure. Topology optimization models were established by minimal mass and maximal compliance ob-
jective functions, and corresponding functional element configurations with zero Poisson’s ratio were optimized
and designed, which were similar to semi re-entrant hexagonal honeycomb. The optimal functional element config-
urations were extracted and periodic arranged as metamaterial structure with zero Poisson’s ratio. The finite ele-
ment method (FEM) was used to verify the Poisson’s ratio of these functional elements. The static and dynamic
characteristics of metamaterial structures were also analyzed through finite element models. The results show that
the metamaterial structure based on maximal compliance objective has better in-plane specific stiffness and vibra-
tion isolation performance, and its Poisson’s ratio is closer to zero compared with minimal mass objective model.
The structures of double-layered cylindrical shells with conventional solid ring-rib and zero Poisson’s ratio

metamaterial ring-rib were designed, and the analysis under static pressure from outer shell and underwater radi-
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ation noise caused by internal equipment were conducted. By converting the compression deformation of the outer

shell into the rotation of the inner shell, the zero Poisson’s ratio metamaterial ring-rib achieves shape conservation

of the inner shell. The metamaterial ring-rib can also reduce the underwater radiation noise from cylindrical shell.

Keywords: metamaterial; zero Poisson’s ratio; functional element; topology optimization; double-layered cyl-

indrical shell; noise reduction
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Table 1 Verification of functional element with ZPR

FEM model Objective function Orientation Strain Poisson’s ratio
. X -1.17x10™* 0.091
inimal mass v 1.06x10°° )
Beam element
_ ; X ~7.84x107° 0.0091
aximal compliance v ~7.14x1077 s
. X -1.07x107° 0.095
inimal mass % 1.01x10°® )
Shell element
_ ; e -6.95x107° 0.012
aximal compliance v -8.53x107® e

Note: FEM—Finite element model.
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Table 2 Macroscopic equivalent elastic modulus and in-plane specific stiffness of metamaterial structures with ZPR

FEM model Ob]e(?tlve P/N AX/mm H/mm W/mm t;/mm A/mm® E./MPa K/(m*s™)
function
Minimal
106 0.37 168 210 2 420 115.53 146 117.42
Beam mass
element  Maximal 0.27 168 210 2 420 158.21 220 660.68
compliance
Minimal ;- 0.033 168 210 20 4200 126.13 159517.11
mass
Shell element Maximal
106 0.024 168 210 20 4200 178.90 249 129.51

compliance

Notes: P—Load amplitude; AX—Overall deformation of metamaterial structure; H—Height of metamaterial structure; W—Width of
metamaterial structure; t,—Thickness of metamaterial structure; A—Area of the plane perpendicular to the load in metamaterial structure;
E, and K,—Macroscopic equivalent elastic modulus and in-plane specific stiffness of metamaterial structures.
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Fig. 10 Frequency response curves of metamaterial structure with ZPR in different finite element models



TR

TR LA R BT A 23 6 5 D) B SR T FM AL T 1

Acceleration vibration level difference L/dB

0 . . .
0 200 400 600

Frequency f/Hz

(c) Shell element with min mass

Acceleration vibration level difference L/dB

0 . . .

0 200 400 600
Frequency f/Hz

11 R[A] ZPR PSS

3237 -
5 5
(a) Beam element with min mass —=— A-B (b) Beam element with max compliance —=— A-B
, -e-B-C N -e-B-C
4 r Y -4-C-D 4 \ p -4-C-D
‘_,fll - ; \“\kfﬁ&/‘ 4 ‘I

Acceleration vibration level difference L/dB

0 . . .
0 200 400 600
Frequency f/Hz
ST (d) Shell element with max compliance —e- ﬁ.’g
4.CD
4 ”A" Y ‘

Acceleration vibration level difference L/dB

0 . . .
0 200 400 600

Frequency f/Hz
JERER % 22

Fig. 11 Acceleration vibration level difference of metamaterial structure with ZPR in different finite element models

#3 ZPRBMREHMEINEEREEZE

Table 3 Total acceleration VLD of metamaterial

structure with ZPR
Objective Evaluation Acceleration
FEM model function points VLD/dB
A-B 1.60
Minimal mass  B-C 2.21
C-D 3.09
Beam element
X A-B 1.70
Maximal B-C 2.30
compliance
C-D 3.18
A-B 1.42
Minimal mass  B-C 2.00
C-D 2.85
Shell element
Maximal A-B 1.74
axima B-C 2.60
compliance
C-D 3.66
Note: VLD—Vibration level difference.
WIS AR 60, A 12 Fis
ZAAA ROCEAY . Hh N 7e 8 10mm,

&l 12 ZPR B BRI B
Fig. 12 Ringrib of metamaterial structure with ZPR
in cylindrical shell

Hh5e R FE 30 mm, ZPRE M KFEEJE 10 mm,

B 58 B d=150 mm, FAAREIEE D=1 m, 0L
13,

A 37 RS ARORL ) (B AT 5 AR R AR R X L

FLAMER JLA] RSF R A, S A P4 B R B 2 10 mm,

AR IRTIE D=1 m. 3 8L [ A T R 5% (19 G B T
BEAYGNIE] 14 F7 73 o JH v /0 S 0 R I3 e )
4 4.702x10* kg, ZPR AP EHEIH:FE Y Tl 4.945x%
10" kg
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Fig. 13 Dimension parameters of cylindrical shell structure

(a) Conventional cylindrical
shell with solid rib

(b) Metamaterial cylindrical
shell with zero Poisson’s
ratio

P14 EHRER: TS ZPR B BREA:SE
Fig. 14 Conventional cylindrical shell and metamaterial

cylindrical shell with ZPR

4.2 ZPR B# BN EBEEFERIEMRE

¥ 1 MPa 27 Uk ] s 3 i Jin A6 w5 IR AE 52 1
Hhot b, IR B 52K BE v s A AL 1 BRI
Hh5E 145 8 NI SR AR L RS o P A5 A
B 15, ZERINE 4R

P A it e € B9 Von Mises I 77 73 45 41 & 16 f
N o v E LSRR HSE i B R )R 172.1 MPa,

P15 RUZ B Fe 1T

Fig. 15 Position of evaluation points of double

cylindrical shell in static analysis

PLF P75 S AR e 4b 5 ZPR A R 6 B
KW J14 161.5 MPa, 57040 THEEAN M L.
LREER R, AEMFE SR, ZPR HE MR
i R 72 B SR 3 H 5.17%, (H N 58 1Y 3L R AR T &
AN, B AF L Sy N e RIE L T ELN S R F) K
SRR ARME B A 45
4.3 ZPRB#HIIREN EHE TR A FE RS
ZPR R A8 1) AN AR TR M 32 AR B AE T
2 ) AT I, A ) A 7 AR A ] ] AR /N Y
B o 245 4 Sy [ 24 T8 2 5t A B0 A 3 Ak )
it BE BT A8 2 (R BERE , BV 40 TR 46 78 TE RE e 1k il
T ST TER AR, DT AR N 5T 1 R 4R AR TE o
R UE X —HEIS, $E IO A AL B PO S N

R4 TRME
Table 4 Radial displacement of different double cylindrical shells

FRHREAR

Conventional cylindrical shell

Metamaterial cylindrical shell

Evaluation point
Inner shell/mm Outer shell/mm In-out ratio Inner shell/mm Outer shell/mm In-out ratio

N 1.58 1.73 0.913 0.885 2.69 0.329
NE 1.58 1.73 0.913 0.817 2.73 0.300
E 1.59 1.74 0.914 0.889 2.69 0.330
SE 1.56 1.71 0.913 0.740 2.69 0.275
S 1.57 1.72 0.908 0.841 2.65 0.318
SwW 1.54 1.69 0913 0.755 2.64 0.286
W 1.56 1.72 0.908 0.842 2.65 0.318
NwW 1.56 1.70 0.913 0.782 2.69 0.291
Average 1.57 1.72 0.912 0.819 2.68 0.306
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(a) Conventional cylindrical
shell with solid rib

(b) Metamaterial cylindrical
shell with zero Poisson’s
ratio

Bl 16 ANFDBUZ BT RS) 73 A1

Fig. 16 Stress distribution of different double cylindrical shells
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JERE, W48 hNEZIRR EZIEL; ZPRE
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4.4 ZPR EBH#IIR B B H 55 B0k T 48 Y IR 75 1 8k
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®5 ARMEREFZHAZERARE
Table5 Circumferential displacement of inner shell in
different double cylindrical shells

Evaluation point Copver}tional Me.tam.aterial
cylindrical shell/mm cylindrical shell/mm
N 4.38x107* -0.193
NE 4.26x107 -0.218
E 2.64x10° -0.241
SE -1.12x107° -0.253
S -9.50x10™* —-0.245
SW -1.50x107° -0.225
w 2.64x10™ -0.197
NW 4.69x107 -0.187
Average 1.58x107° -0.220
Ratio to radial 1L01x10° 0.269

displacement

Note: Positive and negative values in the table mean
counterclockwise and clockwise circumferential displacements

respectively.

F17 ZPR B BRI SR AT R B
Fig. 17 Schematic of displacement in metamaterial cylindrical shell with

ZPR under static pressure
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(a) Conventional cylindrical
shell with solid rib

(b) Metamaterial cylindrical
shell with zero Poisson’s
ratio

Pl 18 5 BE A A WUZ AL 5E FEM Al
Fig. 18 FEM model of double cylindrical shell with base structure
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Fig. 19 Acoustic boundary element model of double cylindrical shell
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Fig.20 Underwater radiation noise power level

of different cylindrical shells
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