2020 &£ % 65% % 15 H): 1396 ~ 1410 ¢<F|3ﬂ%>%$ﬁ

iFE ik SCIENCE CHINA PRESS

CrossMark

& click for updates

K AT RS T

1* -1 23 4
R, Rns, AR, A28

- PHAE TP R 2 B, W A AR B TAR TR 5200 %, VE 22 710072;
. PEATARRLAATTE Hl, ARTRZME S T S SRR, TOB) 214082;

TR A SR EMATRTE AR E, To8) 214082;

I RUORA YA, ITAUR T MR SR %, Mt 210093

* K FH N, E-mail: yanni.zhang@nwpu.edu.cn

BN =

2019-10-31 ki, 2020-02-03 f&11], 2020-02-05 F5Z, 2020-02-10 ML A 2
R AR EIL4: (11874303, 11504324), BRPES H AR EILREATFEITR1(20181Q1001) PELTRMFH AP S HFFEAA TR @i
FEARIIN 55 £ T1(3102019HHZY 030024) Fl i 2524 A5 24 BH B 51 81K (B 1804 1) % B

THSE AR AR e B R A S K T AAT 5 SE L F IR g BOR A E RO M R i R BB . SRR, W E A AR
WS R R, AR R BB K FE AR R T, M RAFE, KFEREKEK, FBRRANE S, SOKF LEMR
R R FE B AEE A, RN B R E LR AN AR S, F A4 R T i B N o R R A,
ELACK S B T BB B A, SOKE AR BT A R TN Y B R, AU T HE ROKE AR IR
B, FEHAMBURA. £HE. REB =X GBS REME RN EIAEX O AF B, HHEp%, EX
Rt WEAE., BASSFRATTERANMESE, FHAERRFEIE R AEE AT TR HRE. ML
BRMHE, KFEBMEEI AR S Y FF4E0, ENFARIEE ZRORER A AR T AR AR ES
HRER. MIFETZAREFE. KRFAFREN AR ERTR, AFRAEF. 20, KFARE. T

KKEE. BREM. AWER S A S FHENEET WRE, UWEFH I TR A

el

PR RE R ESE K T AT A B AR 2 —,
R AR A RN AT L AR F A —
SRR M MR G, LA/ NSO 98l P i A B
MR BAE R R, ORI FRsi B2, LIS
J7 BB AR S PRI A SR A T B e v A
PN ARG R PERE SRR L, b R BRI 55 2 1Y
TINK T 45 A 84 2 A/ NI 3 A MR . AR AR S5 AT
BOTE M 7e R BB — R B 2 2 P oA R (RO A 2
2R F IR AR B ILR  IIRE, X LK AR
RIS . AR, R AL, R AL, G LA

KPR TSR, AlEE. B

KEBME, Flog, 28, %7, FRE, BikE%

Jes SR, HOTRIRL. RS, Ao KRR R
P, T ARPE TR a T AR I ToEd. Herb, 1%
WA ARk R AR BRI A5 5 20 T AR,
JHL T 8 T AL 445 ey 2 T R A P P R, e e LR
PEPL SRR RREE H O — B B R R,
BRI BB AEATA T 78 2R, FESEIAR 57K 22 ol i B T
JRME, K R AT L AR 286 15 4 J1 8l iy S oy s g .
B RUK P AR — B T P I R M S A R e Repl,
R BT — B T K (P B ) szt /N i K (7
BB B R B, T AR R 2 88 AR 3 1 1
FAIRAR/ ST RE ST, MR o 75 K T 25 ) SRR . e

2019-0690

SRS BRaelR, Misase, MEY, 55 /K@ RIS HERE. R4 4R, 2020, 65: 1396-1410
Zhang Y N, Chen K A, Hao X Y, etal. A review of underwater acoustic metamaterials (in Chinese). Chin Sci Bull, 2020, 65: 1396-1410, doi: 10.1360/TB-

© 2020 (*pEREE) Akt

www.scichina.com  csb.scichina.com


https://doi.org/10.1360/TB-2019-0690
https://doi.org/10.1360/TB-2019-0690
http://《中国科学》杂志社
http://www.scichina.com
http://csb.scichina.com
http://crossmark.crossref.org/dialog/?doi=10.1360/TB-2019-0690&amp;domain=pdf&amp;date_stamp=2020-02-25

P A

RUKFE AR T BELUT A A P e 75 ) S AR G
RUKFE AR BZ, ZERMBHA L R 7K T B 5 1 BE,
— BT A EE AT B REGK AR 3 E
Il XA = I R RE ) 22 RS EEERKR, UK
Tt 1 FE 25 1) ] .

FAEEHMRHE R B IR 2 5 AR AR MR A B
B R AR BN T A 454, 20004F, LinZs A
PE RS R T IARRE, ST T ARG A5
AR Y BT B A, PR R R BT A RK
JoT et R B A BRI IR BRI 2
Y, LI T/ NGRS A, A Rh2EH
(7 B AT BRE FIA I, MR (1) =453 JRy 3l e
FORFEEBGE AR e AR BB TR
izl = AN ) P2 o¥ cE ¥ b - AR NS o)Vt & = 2w ¢ )
B2 BT AR B I O T A A A SR b
B SMEA R ARk AR
WA DA H R IT TS 4 Fp e 25 S 1 7
P, TR AR R R R4 () B A S s b5
AT, X FERH T (1) WK BH BMAE, —F
I, KRR, R RS SR I IS
5, PRGOS G LR APRATI 7K i A [ A0 48 11 25 A< B M
PIgsil; n—Jr i, ek b g iife s <rh/hg
2, MELURIHHAFESEA 775 s s i, (2) MK5
SERIRRA R, — T, KA B PR BT s A
I EERIS 2, B U4 R () AR PR R M T A
B, JErPBR TN, S AN FRAL T 19 B 1)
Wy S—JrTH, KRB RER, KXTESH A i /e -
ez R e i T RS AR RE I 6
ZREE. (3) MEZERARE, K SIS I B A e L s
SR EEZME i L. XEERRI R4 T
IKFE AR R .

JK PRI BESE ALE I R]20 22 904FA8. 1995
4, MiltonICherkaev” "1 U # tH Bt 1k G 5 W A4 A 5
(1) FLAS 41 B (pentamode material, PM). 20084F, Norris'*”!
FET AR 2R T AR R R B S e, A
FHF BRI P AR B8 1 HeAl, s i 1745
5T X TSR AR B K R FH LA T 2l A 5
T AR A AT SEIRA A, Bk
SRR AE K A i BAT S AR N I R — 2K
TR STAER, Bl 4% B XRE T & AT A B
PORN IR e 2F, XA TR A AAD R
TH TSR, KR AL AZ B Ok R 2 T R

B LiAIChan" 5 1 7K HFis B B HAR BRI, 4017
A0 HL R 2A AT R R AR, A8 A RO A
R4k H [R]— 2549 ) B RV R, I —2b
T/ AU BT A 1) — Sy S T, it AT S R A
WK IS, i, &R EA s Ry 2 st
Tk AR E I nBrunet2g A POR R
ML TEK FEBERE Th AR e ek, it T —Fh HAT 1
PrapRmK s a R, SCIRAE R, XL HER I Mie
SEHR AT 77 A 5 4T 5 5. Hou A2V FK v i 30 2L o
Hil#i, #f Fabry-Perot L4 F1Wood anomaly ™A= {15 5 14
SRING M RE I 5 | A\ P, I AT 1K S e
BAIE. He N HE I, 75 I A S BIK 5 17 W 3R b
FEG 2377 1 0 28 B e S S G0, %3 0 5 R e8]
ARITTSTTEOE, 2l B TEAR Lamb I B A LR IR
e e NP i A I FRIR S 4R TR 4o,
BN TR A K TR0, M 32 O i g
B AR 0 AR, 2R TR A e KRN, SR S8
A AN R PR AL

IR BA R & B AR 2, BRI )
eSS, HMTRIEAN, R CFREREWIIKFE B
Ak, X5 VI e B S RS WK R N ) 8 25 DI AR S Y
ORI, BRI USCE K A AR ALK R
R L KK R B AR B & SR S A AT R, B A
R,

1 WK s A

VE R K P P AR, — 7 T B SR A B 5 /K R
DCIE LU el N AL S 5, 59— T R A
AR DR 700 4 3B 4 A S 75 i e A i Y,
G5 7K P R 75 A — i SR FE A N SR A i 2 1 o v 3 1
WA, SRR BRI W SR, AR T R 5
FHCGHABEE T RUE LY, BRRER TR, &
HoR, 5ok ABHTVC B RS, SOHATIC A BR S5 s
B AT G, R ATE S BRI AR
FESELEH, DIMESIE-5 /K BEAT T A 7 k1 ek A
IV 4105 3 ) A E B:(1) kT Al s AR R & TR
B FLSE IR . e A B A A O,
W P LB IR B AR AR A . BRI A L R
W L R A5 FRT, XL K I bR
T I PR T 1) [ A, — AR P i I 22 1 1AL, oy
T W AR RRN N4 R . RS T/ NS T S
T TLRYERRIEWE, High )72 N BB PRI T T

1397



M % d & 2020458 He5% H158

RIS Al 3R, T H: 23l g D) X L 0 S iR 5 s ] )
AR DA IR R SRAE T 0 107 R B )
AT )7, BVIE TR ) USRI,
FARERT SRS I A [ AT FE ORI, WP Bl ot
FII S AR 22 A IRl R T—J7 1, AR A
REER T RG AR REORKIE ) T 28R, flifds
B L RE M FEARAOR KR IRIR™, 55— D, B
TR WS ORI BT — s e A PR B A 2
ARSI A AR AR, B R s n, X
L A R A R A K T P AR OO, IR
WEFE R RS B, AR P RE . TR, AT %
TR AR S AT B K A I P AR

MW PLEE 7, H RS A A R 2 n]
O SRS IR TR K P U P AR AN A IR B K P I
FHE.

L1 ok e s b

Jry BRI AL R S iR SR 7 A ) (A3
iy B A S BRI EARIR 7, R A LA A IR

(b)

B ATCR BAR A B 2. [E B BHE K 2% Zhao%
BT Yokt e R B 5 A K A 0 R AR,
Ha ERE R AW P I A AR E 0 1 &R AR
ISR, R T R LR A R A B KR
W, Y RIS R B AR BRI AR .
DS, AT RSl R AT 3 1 57 B 2R3 A () I
FHETE (&1 (a)~(c)™". tehh, BAWIEIARRIER Y
BT AR AT B S R M I AR WO A AT A —
AT i A, X AR ] I R ik R AR
Hor, RSO R SR B, B AN RO 3
5, PSR AN R B AR, PIHOERE, %0 G
AR 3. e R s — R LR T (0 AR
B E R AE, N A 22 R AN [A] JRy el IR AR (1) AR A
B IR R 2 B 24 RSF (Rl LR 40 %) i) 4
R T Ah TEARITK 75 0 P A 0201,

AN, Z RN B RZEE NS REE N A H
JE R R T BB, ZhangE AL O o s ag;
JEIAHE () A R R ST 53 AR A A A =X U A 2 A
AR IR I R, O AE S A A AR ) v BELE AR

Water

i

@ e ¥

Pi(r,0)

Finite SCP

Coating 1 P1,Ca,Cs hey
%%%%%%%%%ﬁ%%%%%%%h
Air
b Base plate
p:(r,0,)

B 1 (R4 ROR () BRI A 454, () R A P WA Rk BT ™, (b) LA BRI AR AR P IR P AR, (o) LA B
o SR AR K PR I P AR BT, (d) A TS O SRV E DR R T BRI SR WA 451, Copyright © 2015, Acoustic Society of
America; (e) JEHIBAE MR A1 e T EAT TS 45 (0 A2 SR AR 2 22 1)), Copyright © 2017, Acoustic Society of America

Figure 1 (Color online) Locally resonant acoustic metamaterials for underwater absorption. (a) A unit cell of locally resonant sound absorption
metamaterials[(’ol; (b) locally resonant sound absorption metamaterials with steel backing[éol; (c) a unit cell of locally resonant sound absorption
metamaterials with steel backing[60]; (d) attaching periodic elastic plate array to the water interface of the compliant rubber®. Copyright © 2015,

[66]

Acoustic Society of America; (e) embedding periodic elastic plate array into interface of a hard and a compliant rubber layer backed by a steel plate™ .

Copyright © 2017, Acoustic Society of America
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Figure 2 (Color online) Locally resonant acoustic metamaterials of
complex lattices for underwater absorption. (a)-(c) Locally resonant
phononic woodpile and its simplified model™®. Copyright © 2009, AIP
Publishing. A unit cell of the locally resonant acoustic metamaterial with
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rectangular plates with gradiently changed widths'™. Copyright © 2018,
Acoustic Society of America
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Figure 3 An gradient refractive index (GRIN) underwater absorber
with an absorbing core for omnidirectional sound™. (a) Cross section;
(b) the propagation path of acoustic waves in the GRIN structure
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Figure 5 (Color online) Acoustic metamaterials for underwater sound focusing. (a)-(c) Gradient index pentamode lens™'!; (a) Structure and
parameters of a unit cell; (b) discretized index distribution within the lens; (c) normalized transmitted intensity for a plane wave normally incident from
the left side at 20 kHz. Copyright © 2017, Acoustic Society of America. (d) The reflective metamaterial made by embedding periodic elastic plate arra;
into interface of a hard and compliant rubber layers backed by an steel glate[“]; (e) the frequency spectra of the signal ratio around the SCP surface*’;
(f) the spatial distributions of the signal ratios at the peak frequencies[ ol Copyright © 2017, Acoustic Society of America
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Underwater acoustic materials are the key to the noise and vibration reduction, stealth, reception and amplification of
underwater acoustic signal. However, conventional underwater acoustic materials usually suffer from the weakness of great
bulk, heavy weight and poor resistance to hydrodynamic pressure. The advancement of the acoustic metamaterials
(AMMs) has provided new insights into fixing these problems, and a variety of underwater AMMs are proposed
accordingly.

This article reviews the history and the developments of underwater AMMs and the difficulties that existed in the
developments of underwater AMMs as compared with the AMMs in air. The focuses are the three types of AMMs which
are closely associated with the underwater acoustic stealth and signal reception & amplification of hull-mounted sonar, i.e.,
the AMMs for sound absorption, AMMs for decoupling and those for sound focusing. The classification, physical
mechanisms and controlling effects of those three types of underwater AMMs are reviewed in details.

The AMMs for underwater sound absorption can be divided into local-resonance (LR) and non-resonance types. The LR
types take advantages of the local resonance principle with the controlling wavelengths orders of magnitude greater than
the physical dimension of a unit. To overcome the intrinsic narrow-band limitations of LR and broaden the bandwidths,
efforts have been made to utilize multilayer LR-AMMSs or multi-size LRs, attach/embed elastic plate scatter on/into
elastically coated plate, or introduce complex lattices with multiple (coupled) LRs, etc. The non-resonance types are based-
on non-resonance mechanisms such as viscous loss, heat conduction, macromolecular relaxation or a combination of them.
These AMMs mainly include porous metals and nonmetal materials, gradient AMMs and acoustic meta-surfaces, etc. The
AMMs for underwater decoupling mainly use acoustically soft AMMs to decouple the vibration of the base structure from
adjacent fluid. These AMMs contain the acoustic coating embedded with various cavities or local resonators, gradient
coating, re-entrant honeycomb structure or structure with negative Poisson’s ratio and chiral porous coating, etc. The
sound-focusing AMMSs are categorized into diffractive, refractive and reflective types. The diffractive types focus
underwater sound through constructive interference of diffracted waves, which mainly include all kinds of zone plates and
fractal lens. The refractive types are mainly based on various acoustic lens and focus sound by controlling the refraction
index of the materials. The reflective types focus sound by modulating the reflective waves, including the recently-
proposed reflective acoustic meta-surfaces and acoustic coatings with attached/embedded periodically distributed signal
conditioning plates, etc.

Finally, the conclusions and drawbacks of the above AMMs are summarized. It is pointed out that although the present
underwater AMMs have achieved some encouraging results, they are still confronted with several key problems such as the
realizations of low-frequency and broadband, omnidirectional, subwavelength, lightweight and hydrostatic pressure
resistant sound manipulations, the manufacture and testing of large AMM samples, and the environmental adaptations
requirements. Therefore, there is still a long way for the current underwater AMM toward the real application. The trend
and outlook toward future underwater AMM s are also presented. It is hoped that this review could provide guidelines to the
design and realization of future materials demanded for underwater acoustic stealth and detection.

underwater acoustic metamaterials, sound stealth, decoupling, sound absorption, sound focus/amplification, noise
and vibration reduction
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