W5

FHESHR 2026,44(4)

Fito 18

AEMEREERFESYREERLNA

W, Flad, Xxw, Bk

ME FRMMAEZN 20 REWRELESG, FBTT XREGHTEFAE, RUT FEH 5
PORIEM AR Sk, LR T A FAOAETEX, 9R T AR LS R T R R, N8
TR ARG RE B FWR, PR T AT B RMAH TR & K LI 5y § ifde o ik,

6145 5 AR ATAL 2T M 0y E A B A A A I

2w E M oA REEET mRE FALR

Yovp 09 75 R TR A BIR T B AR MM A S B R , P R T AR B IR 5 A B iR b
FAM FERAR T B RGBS B AT B AR AR RAE ) R Sk, SR
PG e B R ARB AR 4R, KRR A R R F LT AERY HAEFr mAEREER.

KER  FARMMHE; BRAAE; $ iR IR B R AL HF R A TR

PRSP I AOR | A1k | RO O Y
Bhag, ST ) [ R R R N2 T £, HAA S
ARG SR S i) [RDRECS [ A F AR S VRIS~ P
S HA SR A S SO S IR, SR T AT
BRE. LRl S BUCR AR AR A BHRE S
ROS LR 7/ Vs SN Ok N = 3 Ve SN R Ve N
A R 2 7 A TR BT TR o T AR S B L R
AR P I, TE S R 2O A J il 5 IS U
T I A FR B AL () 2022 4F T b R AT B
THRIE B E AR, 5 7 X T IR A 3 G
W 75 A 3 2% 55 T R T2 W oy 25 PR 72 A ) 37 17 0
FH PR, HAZ O SR AE T 38 A AN R D5 2SI B 7
AE T 9 e SR Al B T P R A ) S B A T
FHAS S 22 ORGP A B B2 | AL R A AN ) J
PESCBUR 16 LR il o SR, WORLR S 4505 1%
TEREPE  Z2ARTE | NS B M AR A 4 18 25 5 T A2 o)
AR P 2 PR R S I A B B 1 . LA

MEAFHEZE, IR FFAEHELAEDE, ATHMEN
A5 BOR B E A H F 8, # o 210093

PP I R S 1Y) B - X — P SR S B A 2 L )
B, e Ge R A BRI B S AR A 2 1
P, RPARAIUR I (R R8O 22, BRI T A AR 1 /N 1
PRI A B AR S UK | 2 A5 DB IR A [ 2 H R
WS BT ST o AT, 75 SR 2 8 2l 254 il P
8 KT FURRE (LR WE A 551 22 U rh R A 45
SN, T G 7 1 AR T 2 BB
o A VU 2 9 11 T TR TR oA S N 9 42 7 TR 22 [
FR P, AR AR L RO R L BB R G E A
R PR A R S AL R Ay i DR 1ok S8 S B ) B2 R
AR, AN e B A 7 I 3 12 P 2 BB T 118 i
R 5 P PR BT S B A S P SR D RE AR BT 5T
BER2VEIE 208

21 {22 40) Hh BRA  EA AR O BA 23 S
FRT BN TTAARE, ANURT LA A SRR GRS LY
Rk AP RE, AR HE T AR E S, R
B 08 TR S (L B Sl 25 O T S A ) 1 % [ R
Pt A F Ty 2 E TR O . AR AR
Sl 1 N R BT A I I Bl 4 A B G J 9
AR IR R BB N AR, ] 230 B B

Wi H 9 2025-07-09; & 151 H 1: 2026-01-15

HETH : ERK I AW ITRIIH (2022YFA1404402); [F 5 A SRFHESL4 T H (12304493, 12174190); V104 B ARBESL4: T H (BK20230767)
VEF AT oM, S04, WFE 0 1) R 7 B A b R, 2 BB LTS 2= T RERS 1 K B2 2475 S 7, HLT{548: liangbin@nju.edu.cn
SR B, Brta g, RIntnt, 6. POl bRt ATk . 7 22 4 B D). BHE 341z, 2026, 44(4): 79-91; doi:10.3981/j.issn.1000-7857.2025.09.00080

www.kjdb.org

79


mailto:liangbin@nju.edu.cn
https://doi.org/10.3981/j.issn.1000-7857.2025.09.00080
https://doi.org/10.3981/j.issn.1000-7857.2025.09.00080
https://doi.org/10.3981/j.issn.1000-7857.2025.09.00080
http://www.kjdb.org

PS4l 2026,44(4)

WFsE

FLEB N T 1) o AT R EAY 75
e Fh A1 SR T A SOV BT R, 7 A AR
AR 2R T O H e Ty A TR /Y
RAIR LA 44 S =S [l HES 5 2K, 340 T A AR AT A
R S PR D MBET A i, HRA& i NGF
B ARG A, B T 7R 2 S O ALY
UEAFR, A N 75 S BRI 58 B BT B 7 ) 22—, P
FARPRLIX — B % A AR, A T R SR v ik
J&, SEE T LT IR L OGS 7 A A8 Bl RR IR 7 I8
VAR RICR, JFAE MRS Pl K E A | B R S R
T2 AR 22 O S TS R R T o] 4 I T 55 o

RIRMEL

N,

RIRET

Pk bk}

@J
N T AR5

BT ARERBERL S A R

1 FRAMENREREFEER

2000 4, Liu SFSSETF 5 1 7 J A 1R} €0 35 1Y
WFSE oo M TR AR I A I B e ST 7 Akt 7
itk AT A BRI T, R T R B R 78 75 R A
Hho 1R F IR AT B R T (AR PR 7= A A B Sk
i B, SRVFAEMRHE B A 2 om BYAE BT 5530
X} 400 Hz A5 75 % 1 A 3 BB, 280 T 1% e i 2= h
“UERE RS SR S B RS . R B A 2T
FEH, P AR R Y JR 3 3 AR 4 T T T A £
I SRR DL BT RS AR A M RER
B WM i 75 25 S8, S R R 4R 1 R
JETM, 2006 4, Fang 55"l 5 R 3 PR 22 R 2% 0%
Peas ITHEIR G 2 I — 0, WIS 550
THT S0r IR 1 12485 ) 1 67 S5 00U RS s i i R HC A AR AR
B W P B BAAT RN o 7R AR A AR 1) £ A5 AT B
5 R B SR RS S 1 EDUR A B R L ] 2 TR
F R 2E T2 — Bk (LB A B R R0, Y it in
—AIN ) F AR TEER BB, BREGIEEE a H1F5 )

80

2, 540107 A, X AR BRI PR 0 A £, BD
AR T R U T T AR, A A
AT DL BRAR R e FH 7 1) BR P 35 on e i e BR A {4 AR
[liTpii Nt

5] |
14

1 Pt

i

i Ul A
P 2 0 SR A R R A R AR 1 0 51 i

LT PR A BB 222 ph = 4 SR I 45 R 2
A PR RE, A8 AT LS SN 7 A% BB R 14 S
P, AR BONREE | A S EOR, Hagor U
o FIZEAERY/ N UAL B AL T SR, P A R
T LS Pt — LR I N [R) TR ST Y — 2
R}, PR SR A — Bl T N A5 A — 4
WAL RE, BERSAE ML I RURE EOR W 81 42 P ) A R
P, ALFEARAL, RIE AP AT AR, 2 — 2P R T o
wefFAERGE | PEREMIDIREST )5 Tl AR . i A
[F) 245 44 BT ) 2 () P g, 7 ) 2 T T 52 R 95 5 i
B FERCRAE . SR RO EE T A RS
Loy cp4n QAR AT B R AR R, A O I
HURUH B B M R A | DGR A 45
G AR o ] 3 D R AL R RS R R R 2 I AR
R B,

AR bR
B3 P AR B R R A R T

o e

2 FEEAMEEIERN S % RE

T VRS AR AR O 7 T X 7P e R A B AT S A T RS
M R EL i R T 45, X — BB T T3 P

www.kjdb.org


http://www.kjdb.org

W5

FHESHR 2026,44(4)

AR . BAKT S, AR —Fh A
B IS, HERf I ¥ Ab i) 23 ] 75 37 1) — ol T =X
ATLARIR A
p(r,t) =A(r)expli(k-r— wt+ ¢(r))] (1)

A S P B R L ARSL | AR | T R
ZAMEREE B, o A TN o 4331 75 e R BE AR AL
123 (8] 9345, k RR, 0 R BIIR, r )25 AL B R
i, ¢ ]

&l 4 FE7n 1 P A RS BRI 22 ME R 45 1) R
R, b A PR A B ) LR SCINTR s R R RE R
ke iibur s N T e R RS a2 |
P 3 0 (B B AR B, SRR E X S BE Y
i} AN/ R 1 1 6 7 F R K VAT E L 0 R Eve At 1)
Xof S R RS T S AR AL R PR A A A, 8 S R 0 4
RS2 T o T ) R, DA SRR AT BT R
S5 REMRAN A4 D AR T RE; ORI E R T
AR R | Ry R 8 2 3 380 S AL,
TRERE A R S U A G A3, SRR L A
AT B 1 I B s e A4 P el o T HH A AR eI
A, AT ABE f s i, SERE 3 F M AL L TR
RE T BUBERE ) FE AR, IRRE 75 224 2R 5 8 A5 SR 2
IVARE RN/ Wi P U R WS = & S 771 v S e ARG ER e e
AL, AT TE I [R] R0 (8] b 2285 AR 454 1 S S 4L
M52 B P 37 ) 2 J AL KL ) T2 sl . P A A
BH 22 Y4545 BE AR KRR T 1T R B4 Y 5 3 1 A
AR, I BRIk P AR G EOR D S5,

2N

\

AN
NS
N\

\
P % ’
% g A\

B4 7R S BLR J Z2 HE IR R

www.kjdb.org

N, 7528 U 7R AR, 7 A AR AT LA A DR
KRBT IS e IR, DA B T+ B (500G B )5 FE 7K 7
&, 5N 593E i 2 55 2 AL T LG i
TR 288, B e 0 15 R 3R 7R 75 4l
A A X6T 75 05 114 Wik 2 AR 57 3204 A T 4 Tk 2 4
Fh4 BIEMG FED, RIL, 75 0% 1Y 2 4 s AN U=
MH T 2E S AT A, R — R 5B
WR RIS . T PR 4 A 28 75 A A4 R E
FEUEANL . BB WA AR gl R AR AL AR A A 4
JE R T S Y RT ER
2.1 fEfAifE

02 2% 7 1 T K S 1 22 7 S T BUVER ] UA A e 30
WA T P 1 ) AT, T ) PR P e ) ARk r AL A5 9081 4 ) i
AT AR S 3 K 1102 T RUBE T S B0 33 o T ) 4 R
B o 2013 4F, Li SN T —Fh S gt X A R ih
P, & 5Ca) i, 38 i 2 (8] 37 8 28 4K 75 AL 4R AR R
5T $das 1 SRR 2E3R , FEAHE ) S Snell 2 7
X B R TR AR A3 AR HEA T BB RO, SE T DR
S TET 235 4 XoF SR R AR 75 e R B . R T i
— A SEB E  A AR O R, X AT AR H T —Fh
75 AL PR R A e T T (] 5(b)), A5
AN TR Z MR 25 LR IR 1 AR L AL, 12 P
HRR A SLYRAE F, nT S B8 B I A S AR v A
0~2m Y Bl Y I 478 S U458, 55 DL IR o] CREFA K A
AFER, BEAh, Xie FPETHT —Fan & 5(c) in
FHETE 4 B =00 328 S TR ER R AR, ISR T 56T
5 AT ST 8 B AT L S TR I — 16 O e 4 A 2
PREROR . T 0% iR FET Fabry—Pérot LR FlIZL
U 25 AL AR AL ) 7 R AR A BEAE T AR 58 1 A [
A R, 2016 4, Zhu S5E0% @ T — e AU ) = 4
ABFE B AL, 75 25 T P BHAUAE 25 (8] b AW AR o0 A, 1R 45
g ELAG A U v A T SRR (18] 5(d) ) . 2017
4F, Xie S5 BB R T A5 AR AR R,
Wit T 3T A R TC RPN W daidilB 2 1, S0 T #E 58
I BB P A AR S B A A, MR AL T R
YR i r (& 5(e)) . YHT, BT
TR KA A ARk 1) P g R A 9 KR R £ T B — 3 51 A it
H (AR A2 S0, TS A 00 8 2R 3 v A 75 D R P 7
PSR . 2R . A5 R BB AR I S5 40 R A L
A EER AR AN M E . A A FHPTIC E

81


http://www.kjdb.org

PS4l 2026,44(4)

WFsE

DIRER P Al A B T e — e PR b A R AR S — S i
ZA G BTG e 1R A, (ELRE A S5 P 90 A A o7 42
PR— AL, 2023 4F, —FlHA SRUK-—=F G
D RE R R R A 2 1T A4 5 H DA K =28 U5t B BTk
BCFIAR O B ME R AL 1 — 0 5" g )T 58, m]
e R 7K 28 AR P g W (B FS E RE RS I T e AR Ml
K= D B[R], X5 i 28 [ A AT
PR HA, JRRET I SE B T2 PP K R (5 R
F4 el R ABRE S AR T, HES) 1R S IR PRI S AT 1]
] BAE 5] RGBSR A5 IR ARG BB (18] 5(6)) o

) ===

(o) HEIE A E X

(a) =5 [El3r A (h) ZIFE IR
AT A AR B AL B

R Ewa i ar e

Y

(

=9

Fv

BESE

e =
Haktk

Bl 5 LR AR AR RN AL e T T

|1

4t (e) A —AH LGRS
PR

(f) 7Kz At
FH MR

=

ki

22 gEEREE

7 RE R AR S T E R E KT R UM
Koo MRHEHEAE I SRR G ASI], 75 3 0 RE 4 mT
FEARLIT 3AEEAEWE . (1) P RERY R0 5 % 25
VAT ST AR A BT B S AL 3 sh s pt sh
Hi R RS I A B AL R, BN P RESR E 1A S0
SR IR AR L PR 5, R IR B | 7 2 B A 4
B SR AR AR (2) PR REZS (B4 H IR R
A 2R T VA48 7 U0 A 2 (B AR R A A 32 PR R, S REAE
R X R 5 A sl 2 g, ARG 2 B
G A RO (3) 7 B ) PR AL 25 A AR X
PRt AELRMERON | B AR 8 ] 45 T B, SE P % fE
FE S — T 1) A AR T 6 S 7 Il A% 4% 52 R sl e 4
il, FER R 2 TS L AR B G AR L R OK R MR S
H Ar e B 45 0 i B B2 R X A6 75 R i i TR
FIBE S J7 10, Ma Z509F 2014 448 1 T —Fh T 241k
SLRAL ] Fry 7R TR i 7 R R 1T, AR 6(a) BT, JE
T 0 O e B T R 0 0 P A, 2 S RS

82

MR (8] AT A 22 R RS, R Z5 AR S AR B AR AR A 2 A
TR AR R A AR, BEAE TR S LR A B ik
Aib S R BE BTG e I 3R A5 — A TLT- 58 3 (14 I AT e (i i
FH Ik 0.994), H 854 08 AU K1Y 1/133,
I 2 R TR 8 A b ey AR B 170 7 o %85
PERNZEAL B R 32 N H T7 RE d  W AsT,
AL ] Bsf A0, Bl 2 AT 5 AT L 07 g 4 o g 45 )
B BRICLAGE, B UL T 75 BEM IS 42 1) A kA
fu4% Helmholtz FLHRFING 75 8 A1 FH*“F1 Fabry—Pérot
LPRAIIE PR ARE T, Ban, Jiang ST T —Fh
i 22 K BE Y Fabry—Pérot 4R 2H iliny A T.45
A, AB T S P W MSCRR AR, S 2 AN [ AR 11
T I J AR AN TR A I ) FH AR s R0, T A T AE K,
S5 IR S AT L 1R 257 R IR AL, 8 B M 5 A TR B
VAT A L 25 IR A R (8] 6(b)) . bk
WF5E B X 23 P S B AR, T AE 7K A5
R RE I IR R AR LA T, R K TR B
B EHE B, TR ZE R ik 4R %
7 2E BRI ZE A, XK T P 30 S BRI A e i
FEAERM R IRME, PR TEvE LK 2 S A M R &
PV B2 R B K T P2 IR v i, A4 XK
TR RRETE RS ARITEIE. 2022 4,
Qu ST T — b b BHATC VT e &2 A A4 A4 %
(R K T IR 28 (18] 6(c)), LT 8.9 mm F-3 )&
JE 114 S 36 R 6 4~20 kHz 5 45 7K T R I A i
W BeAh, WE 6(d) R, HET K HE AR K FR 5T
W] SEERT A SEARURE 7R 4 U, TR T — R e e %
“RER, FEIK TR AT TE R T B — AR 1 25 K 3
AT, 3 3 H A — A 7 2 B A ity 2K T 1) 40 B 2 1
(FEAFRHPUAH 22 AT 35 4 B, SEPUK T 5aal L
B0 75 0 B B AR, A B [B) 40 AT 1 IR 45 I
B TR PR SRR L S I AR LI R SR R ROR
A, 7 4 BER T LU S BN 55 6] A B A 14T
¥, FER T BUAR 5iRT7 . U 2 ROR TR S 2
U ELA B E . Zhu 57 2018 R4
TR A AR B, a5 LA TR A AE
PAFEVE RSN B, SE3 T % i iR A
IR , I S0 0T B I RS AS RS I 2 IR
HIEF (E 6(e)), FIG T AR AR Se i Sl AR 777 ik
FHRTE . 2020 4, Zhang %553 a5 X6 35 iR E AR AL

www.kjdb.org


http://www.kjdb.org

W5

FHESHR 2026,44(4)

B S PR 4, RSB O 3] T Hopf link 1 Trefoil
knot = AEFi MR IEF 7, MFSTIESE T 3@ ik /NS
4 38 2 45 90 e 3 1 T BE (18] 6(F)) . 2025 4, Zeng
EPRIE T HT EMEE BRI =4k L)
RE. mor e 2 B AR, v LS RFZ AR AN [F] 1L
QR EE 1 i, A RHAR T T iR iR 7 4 B R 1H A 15 2,
i 6(g)) o FEr I Re 07 R 45 7 1T, el 4T
10 5 5 1 2 e 3 B 2 v b EL I 5 A0 (L 1 2 [ A
AR R T XA IR 5 2, B TR 2R RO
K ST LR AR 2 AR R P i B ) IR B, 75
PRI AL REXT R , iX R g 2 iie 5
BORBYEERN . AFTREX — B G\ HIIF 52 90 i 1 R
H 5 &4, 2009 4F, Liang 4594 H T8 5] AdEZ
PERFT i R G B 5 ML, IR T 7 AR A 4R
o il 6(h) Firzs, 7 AR AR T AR AT R
LML N, RN f, WRE N ZE 1) A5 A,
T fo IEAFAD FERAEUE AR AT R, I LA Pt 8 4 I
SF5 T I DA 1) A2 AIRTIRE, 7 8 0 R L Mt T
B ZUGREANE RS T A AR BRI, v LGS 3

B AR B 22, DTS2 BE TR AR RE R B R U D RE .
2019 4, Ding S5 HE— 4R T A i i B TS IR
Ji SR 38 56 A . ) S5O B ) BEAIL AR, A S T
ST R G AK, IR T MR
R RS, SEBL T A RRE AR 5 AR
(B 6()) o N T MR RARLNE T SR A1 5 LA T
R HIITAR R L T 28 BE AT PR L AU 7 25 [ R, 3%
VAT BN i 1 — b e 7 ] 722 9 1) 552 B0 7P 2 5 TG
AUBTBL, Bt ISRt el 1 BA s AR A R Y A
PR WA 6 R, TEFRRE T, 2 03
S A RO AR A A AL BT B 5 PR 5 1L 0, I
HESMG T T, BB T RA SRR
TR AR PR LR DL R IR TR S S R A
7o PR A o BT, N S SR A K G g A
SR AT, T R S8 T e b/
7S B2 A o 35 22 S CIE XS B s 2% ), HLIZ A B
BE3707 1 A2 AT RT3, A A SR TR B S TR
DRI G

Membrane

x . s
T;S’ S Solid Seal‘t@s i

BEINSEERH

(a) FETAAMILIRYLEI)
R P AR

. )
(b) FT#iAEFabry-PérotHARE
1) o W P ) 2R T

(c) FETRHTICECE SRA R

BrEIS TR

HREE K I

(g) — b FIFEHLIUK T
. ZYR AR

ot i oo o 6
Transducer

[
e [ Superlattice— ——NLM—]  Water

REEE

(h) P

(i) FREAPRARR A SR S S s

() SRR BT 22 A Y

6 AL BRL SR I Y R e AR

www.kjdb.org

&3


http://www.kjdb.org

FHE Sk 2026,44(4)

WFsE

2.3 mRiAE

I (A A R A 2 7 A I ) G ) R, A
{5 FRS I 453 Z2 el ELAT ) R R R R 5. ksh
SIS B A S PR TT DL 3 i SR AR ek &R
B AR R AEVE FHBE B 1 | BRSO/ N | 1RSI AR
G352 2% B ARG e 7 iR R Sl A5 R BIR, AR /N R R AR
WEASTT BE = A i — SR T I8, Joi S B sl e
FE BRI . 2022 4F, Wang 250 I T —Fh LT
THRE % 7 0 TR A R P AT 3R A e ML, 38 A e e LA B
AEASE 43 A7 8 2 1T, AR /N TR i) RUBE S8 T ]
W 00 B 7 0 0 R 2 o Al B AR 4, LR )
B BR R RN E] 7(a) s, A eI AL 53
F14) o 2R T P81 TR 75 5 A Ry EL AT MBI U8 A T 1)
TPATHE B, 3 3 00K S0 2% R e 2 v LA™ AR e 2
BIZONE , HE T SE IR 4 . o) — 5 T, RV AR
MRV Tz N T IO AI L R i R E E R
B S PR R A AT, LA 7 AR o R A

R {E/Pa

Wi/ Hz
(a) HAFTBERE PO A AR LN

P77 A R i S P D AR A A

24 AHEIRE

PR BILE f B i T R A R 3l ) 2
LIS 1, I ARk B 484 A B i — B A
H1E, H= AR RO P S AR A HE AR 2 B,
ST P T 5 2 UURAT 35 A S PR AL, W5
7 DA A A 2 2 0 G A R 4 AL P A T A B
FEo AN, P BE f S G D Ak S T
ERIETESOE R T A RSN 1 /AW ks 3 ik 1k
AR, ALy W RN T—

84

AT BT M AR R . TR AR L AR T, A
16 2 P A g AL RN, B SR AR Lt A5 A ey ok
AL RN . BRFHAE L RN AR Ge AR LM 75 =2
FH = ZEALRE, BRI R A5G R 2 5 B 7 AR AR

i ) P 4 R L R T v e R P AR b A e O
W o BRI, 55 IR AR A% B H %25 BEAR DG By SR Rt
BN H W WA . 2024 4, Zhong 5™ HEH T F R
S 2 M A5 A S IR BB VAT S AR B P g g i 3
HLII (L 7(b) ), FIH 2 513 LA A 75 U5 R 3 4
HEARERZETN 2 AR, A T B A
AR BT SRR RO R, S TR S e TR )
R B ) G LA AR ) 1) 1 0 o SR A N5 458 (25 [
SI PR R IR 1/38), 7 RS R SR T
FR AT RETE . Ui, Zhong S5 — 2B R i A
TR A0 23008 A ) R 1) 1 2 g 7 R, el A5 e A K
T LAGE L e 40 A e DX ™ A 22, A7 SRR A
NI | DR A A I SR i i

N

0

U 30 cm

a 5 plPa ¢
85 HELL 300 8
atfs —s—H B - S

g 2
2a = - g
£ 0 g m— E 0
- - 100
&
5
i 85 50

-85,
h h -85 -50 0 50 85
U LD .

¥ il ,.+4 i; e 150:&0: i
N RS U

RRRE IS V.0 | N

(b)) FeT Rl AR o8 0 A7 5 B B A i s

07 T, A A Bl R AR SR Y 2 ]
AR B, A AR G R SR BRI A T P B A g
RERE s A A h B 2 S E B, Te Rl s | A
oy BRI BB 27 45 Ak 22 A B AT A O A
{Ho LG A s EHUE M 3 i T R Z A 24
L5 il RS TR 23 A1 P45 RE 45 4 0 R A AT TRUAR S e,
e 5 A ST i e P R AR S, A R S T A B
R BT TES ARSE 43 A1 AT S S8 R VT 1 (151 8(a) ), 3%
7 B AT B ) S PR R S A, P DU S

www.kjdb.org


http://www.kjdb.org

W5

FHESHR 2026,44(4)

T8 ff 2l e B M BOR ], (E - Rl G 4 i L R A2
7SN N = 2 AT A I TR Lk SRS E
R4 51, TCUR A AL R RS 25 N T 485460 Sk #f 2 it R o 43t
T R TR R H A SR BERE . 2004 4, Gspan S5
I G5 00 77 A T i 7 U 4 Tk, ] 8(b) T,
T SO SRR ELA R ERS B R B B W A A4 L, fig
B R W 75 AR 1 55— 3 &t LA BT AR A 1 5 i
WEFR I . 2016 4, Jiang 554 T I FH 75 24 LR 5|
A4 s LT (] 8(c)), il & T HARCR
1o RSTS84 3 A L A 7 R i N AR
FEAE RIS RN I0 R R YA AR T T B R
WIES . 2017 4F, Esfahlani %1 T —Fp 2 T 18 5€
SERR) 1A 8 2R TR I 2E — 20 bt A Bl i N AR SR
FE4E BIARKA 1/3. 2021 4F, Gao F5“Hil i 65 A T+
2 BHLPT M R 10 5 4 B R 45 5 97X T 3 e i e A7

23 (AR, SEBL T [ R s ] e R R S B R

Chamber ____ Im ; Stabilising
with water — ﬂ‘ rod

= Syringe
Acoustic
absorber

Levitation
distance

Transducer

—v
50 mm

(a) A BAREERE = A P E B A B it

Wave field Acoustic
without OAM  resonators

WO

(o) PRI AP fA 3l it

Wave field with OAM

25 HBZEE

PRI AR WD RAT AR TR
ﬁ[ﬂ%ﬁﬁjﬁEPfgif{Zﬁ“FH,fFJﬁDﬁLTLﬁ%E"Jf*ﬂﬁifﬁJ
BT KT Hop e A A B 2 7 R 5 25 56 it n)
R 28 G H B (H I (Y AR 7 37 ] R A K
B PR DR ST A I %) 45 RE A AL BE B, AR AE A

www.kjdb.org

KZBE M AT LRG0 = ERTE s R, 4k
T TVE 75 SR I 484 (9 I s e T R AR A R
P AR UL O W N A TN
FEENTHRRT A m R R E R RS,
Liu 25T —Fe iRk 2R A < HL 7 S0 IR sl
(AL, A T LT A A ) A B Y U
ik, VAR B A E— IR s S B T % H AR g far i 3 12 ik
R R (E 8(d)), MK HL AT Ak T f sl i g4
SIS T A AT RRN A ERE TR,
2R, Bl X 7 2 A Sl AU AR I B ASTIR A
PN TARZR T GE f shit s IE et &
AL Z AR T R & R, N T A i 2 A T
SRR SRR RE LR |, A Sl SR E . L
T, I B S D R e R4 &, )2
BRI E I R A AR R 75 =

Absorber

Ultrasound

= /]

Single source

B8 i il sl e

Meta engine block

(&) —Hefk R b s

ISR, A P A R LR B R S
MM%M&BE BTET o RS T — B TR B
FMR LA (R DT 58, RBAE LA i1k K 2 0] 43 e s
7R, (R AT 1 sh =P B A R R GV A i i 52
BUG IR PR 2T RE, SR R TS v e
PE. 2019 4F, Tian FC & T —Fh AT g de 5 WAL R

85


http://www.kjdb.org

FHE Gl 2026,44(4)

WF5E

BT, dnEl 9(a) s, AL A3 6 R Ge i
] V4T 48 94) VL TR v 8 F Xof HL A5 R00 o e A 7 1Y
SIS R AR I BE () 20 A 2L, JF A TR
P RE 1) | AR IR DL K5 BRI DG 4 22 Fh 4k
WEDIRE Y1 . 2021 47, Chen ST &L T
LA s R TR 04 AT R P R AR AR, S8 X A
RHBEB TR AT G, FTRE 1 Ao 7] 2 [ sz 8 %f
PR, SEEL T A A B AR B 5 5 AR, A AT AR

Ty N AR W 0] 68 R 8™ A 1 A R T [l

AP CR, A 9(b) iz o LA, Zhou E ™ HY T
A RIS R Al R RS (151 9(c)), il 5 LA
HMERRRIDL IR, AT LAGERGE 52 (S 5 X 5L /K RN Y

(a) ST RGeS kb

Coupling-distance-dependent

Coupl{ng—immune

B, SCBR 15 2 ] A R S T S D5 2% P ol 25 90
o O T it RMEAT 7 I S A R AL A IR
P R 0 1 T A AR, Liu 557056 T T IO IS
PR AT A S AS PR E AL, IFF T — o Y
FEFI PG anE 9(d) PR, a4 i —(H AL R (E
2t 14 1) 9T PP C 2L 5 T AL, S A B — PR A S A
IR AR LA A B A TR] 503 1] B 40 2 18] 1] Bl ) P
FERIFEF, 51 AR KL 1 — B (4 P e A vl E
LT A A 1 AR TS 25 P 9 R0 7 Al i
ST ) Sh AT o, SCEL T LA 3 (4 R
PEROR . O BRI TRE TR A R, JF
ALK RN A2 7 A R A S PR

Meta-sonar grequency-gradient .
T virtual metasurface e

(d) ZETICUREHS P A 2 I P P S5 4

BlO s KT AR G0 i I i AL 4

3 FiEtaE iy A

BT PO ARMIU SR 7 I 2 4R T BE, T AE
KATE I — BRI BA S TERE S H BRI A e N T e
P, SEBL T 25 Mol R LT SRR IR A R ROR
SR, B AS [RIZE B2 (48 4507 1 A S B R Ty TR A
B 22 5, SECHI R e R BT 2% . Hoh, A1
(L -5 RE IR IR 42 A5 AT AR X Sl Y LS AR TR A T
AL SCELF-Be, TR — R IIERENL 5 1 =7 D fiE
fell, AR L s )R 2 | 3 KU P A S PR

86

S R B TR B R RS . MR, BT
PRSI | I T A A5 S e A4 P PR R R AT Ak
TR I UL AN B R B BE, {HX SERTHT T [ 1E S
NTERE. RIS H BRI &, A 822
e N an R 8 fetl . 2 IhRefb X RGN &
JB, Dy ik U R OK SR B 5 LM
3.1 IRFEEHISEGEE

VE R A7, WA A B (OG- N A= 16 7K
5 ia B e i, EAEATZE AR | OEZILBAR A
ek A VERESR T AF HOR R U 3 B O F B AR,

www.kjdb.org


http://www.kjdb.org

W5

FHESHR 2026,44(4)

B A SR MR P R T O B T P
AR IR TR o HAZ Uy B IR T e 7 75 A ol
FORPRE SRR R RE AT R, TEAT L Ak A I
Weseh g o 2 R A o ) B A T AR A
FHEHINZ AL R S fLAR SR A7 AR SR E R L AN A
PR ST A [ A (), A 9 A MR A 18 AR 3¢
R EFER R GEZA 53— 7 1, W/ b rs A4 i) RO
WS PR AR — B 2, PR R oRt A 2 2
JEJEE O 3 KB FOR AR G L, o s Tl R, HfE L
SEPRREF o R L DL A4 B TR, A3 BR5E (1 e
P A SNE YT E RO, Wk AL ShLA
S KRB AR BE | @M BT L i i
MEBETAE, ACESRAEAT R 1423 1] P 52 B e 25 ) A o
P, B RFEE F S DIEE, B ARVRBR A AN A
FEEIEARERRY A dd (o, RS . FHX—
KBRS AR A A A AL T 1 B A
AR | ER IR, LEAF A o XA
B S A DI RE AR E, BERE SRS N T

AT i iE

B kT P FEA @ M S0

@ 9 ! l‘— ":
o +— =

(a) PR S R 2
B Fs aE X

PO

T
R |
¢ ]

[ i
T

I K BERE, B e, AN AR A A ARARCR .
P 10(a) iz T BT B AR AR F, (LR T4+
55 IR 1) R IR T 75 A A T A A i S
R o A, Xu SETR T AT AL
i 2] Bl B A S Fano JEARMLAE], SCBL T R A9
VI KRR o 7 [A] P A U, PR R AR Y A R
Bt 7Y HUR DI REAF ISR . 2018 4F, JE Tl
ST P T O R BB 1 2 i A B
BB R BR, REAS LR 4544 X0 A SR P g e 5 B
YGRS . ARG S FEY HUA K R R
AR R R Fan P 10() i, J5 #0043 oA g1
AR JEEBE F IR 172 BN 1720, JF-BAT AT MR
7 P ECPEBE, TR B RS P
B BUREREL TR AR A S B R %
P BAE— A 2 H AR T /N ST o T] v S [ 7
SN P PR g 5] IS A IR, REAS LR 1F1 4
RS o ] 7 S (8 2 — MR EA T A0 %, O 2 B
TG G = N B R e R A

HREY BUA 162 Y B

IP’.’OO 1300 1400 1500 1600 1700 1800

(b) BT RSB 15

— PR

Meta-neurons

gL 1L
- XJ% rz

R A1 22 0 2%

(o) HALPRZE 2R AE

PG

B 10 Pl e S o

www.kjdb.org

87


http://www.kjdb.org

PS4l 2026,44(4)

WFsE

32 NEiHZEERIIEESERES

Wi P N AR RIS 2R I 2 HEE H 2 I,
AVA 23 (6] 75 0 A o 325 HAR B AR i J0 1%
b S7 58 B S AR AR A5 AL BEAESEREAT 55, A
A E T RE BY P o N A8 B e 75 BT A M T 52
B XLk AP )RR N 3 2 7 2 N T4 R L
WS B FF SR AL 29 1T HORUE A SE PR o 3
ARk, N TRES P22 S5 I3 RGUH IR Rl & 0 fifk ke
SR ARG B ARG T A ME LAk B ) gy L ) AR
T AR RS TR I, i 5 N T RESE S
SR FT TR IR L Rl G, T L i 1) 52 AT 55 ) P o
NTARR B BEALARF, AT RS FT A 22 A
AR DR S YRS AR RS, T ] Ay fige o [
SRR R T A 2 < R AR (T 14 R,
B A FR B AR L RF R HE, s A
LA AL G 2 e U A RSB P
AR B P (LT SO 7 o A o 22 1 2% BE A8 i
ok FA o TR BE o > it B R R e A 14 P A 3R Y
P, RS R AR TR AR RO EAL . K
A5 P R R B C A 5 LA S | TR 58 URFIARA T
551 “RRE” , B e i o A O P kR 5 P A
AR, WE 10(e) ™R, Mok, N TR RETER % N 145
PRt | B PT AR PA A AR 25 A s P A
BT IZ I, IR B W B AR N A R
B Ir i, N Rk REAE A S Ak i 2 HE S s ]
SNFSUELE IR IR TE TN ST ) g pibEY &S
SRIHTIE, R T ARG T I SRR T A
GBI, 255 TR BE 2 A B, AUERTE T i e
R, RSB T AR R LSRR B R E A AR
PUIRE ™ e R B A A 75 i, N T RERERE
2% (R P S R TR AR OGBS AL, S AR5 R B
TR 258 RS AR b, 75 a1 | R Refe
SEAE NI B TR R AR T 5 IS R —
AAES TR N TAIE A REAL . A& T R B A

4 Hig5RE

R AR E 2 U — R L F VR, JAL
T NFERIIT 588 A 300 A 52 bR B G BB B . R iX
— R A5, AT 22 % R SR SRR 2 FEOR

88

HEM, 5 B Z RPN SIS b . R
2 (1) GRS 5 T AR 5 Z B OF & ). 4
PR A e 2 T LA R M N X MR
JE RN, PARAT R PR AT RGO BE ST o AR,
e PE A /N AR 55 ST W 57 2 TAIATS A7 7 [ o I, it
TR ) 880 i 5 TE A PR T A BB . Ao
B, 7SR AT W 2 114 DR R AR BR AT AR AT
BB, 35 IH T LRI A S J5E 58 b 0 Al R ) IR0 Sy
WP A A (2) ZKOP PR 5E Fh REAA B R A O P
o MECT 2 TP EREE, JK T PRI A AT X
e e, JUHIR K AR Be, ik 2y TR A5 L1
PRI HIR] (8 BELHT 22 55 /N, ME LUTE 1 B AEL F) P 2 A 5
P, AT s SR M R RH R B To vk B IR EK T
200 U ORI OB oy s WS i e R NS N |
B SRR BT AN R, 727K T 51
AT LU OB S5 B AR S 28, AT 7K T
PSR AR AR, 53— 51, AR T A 3 14T H
RN AR AT R AR BT A R (3) 1
] 52 % PR ) R R B . A e N LR A
AW R AR ARSI E R BRI, 1
RLEERRAERZ FH A S P EEAT 2. o T
Sy AR RRE ] T LS YR G, AU LR AR
LR AR SIESE R I AR P 2 N TR RS 5L
K m TR R T . (4) KT RE
YREh B REAL A 2 N AR F o AT R e A
TAMAFEIRE S — | AR A8 o BB 2255 )
R, 0 [ BT R RR R SRARA U AR o 5 AT LA
S PR IRLAR g 5 1) S8R ) Sl e A2 2R AT 55 BB REAL
AN T AR AT E R 1 R I —

JUE EIRPREATIRAT A, B 7S R AR B (A
F (10— 2 5 2 A Ll A S B 1) i R A K 5 B
A A ROR I R AR, AR AR R BB R v
. BERLIE A L S B ) DG A 55 D T 52 Bl
I A 5 I S 56 = 7 1] TR 7 B9 5 L, Sy /KT
fi BEYTBAT SR I | B BE R S AR S A
SRREN T, FAHSE A B A RS BRI IR

2% Lk (References)
[1] FPSCRE, X%, b, S5, YT HuE Acm e = V5 YL py i it

[7]. RHEFAR, 2024, 42(20): 70-84.

www.kjdb.org


http://www.kjdb.org

W5

FHESHR 2026,44(4)

(2] R, EEFF, GRAERI, & T8 MRS M S 5 i HARBI A i
JE[]. B 341, 2024, 42(20): 85-94.

[3] BKWIWT, B, FbedR, &5, B TLR G ki B i
B HIWRARBARBEFE[I]. BHE 4R, 2024, 42(20): 48-54.

[4] X224, 2=k, Rk, A5, o [ vy gk i Mt P s U A o
JE[T]. BHE 541, 2024, 42(20): 60—69.

[5] BE4n, VEBY, skam. o RS {3l W I ) BUR A A R ).
PHE IR, 2024, 42(20): 23-31.

[6] Liu Z Y, Zhang X X, Mao Y W, et al. Locally resonant sonic
materials[J]. Science, 2000, 289(5485): 1734—1736.

[7] Lee S H, Park C M, Seo Y M, et al. Acoustic metamaterial
with negative modulus[J]. Journal of Physics: Condensed
Matter, 2009, 21(17): 175704.

[8] Lee S H, Park C M, Seo Y M, et al. Composite acoustic
medium with simultaneously negative density and modulus[J].
Physical Review Letters, 2010, 104(5): 054301.

[9] Li J, Chan C T. Double—negative acoustic metamaterial[J].
Physical Review E, 2004, 70(5): 055602.

[10] Ding Y Q,LiuZ Y, Qiu C Y, et al. Metamaterial with simul-

taneously negative bulk modulus and mass density[J]. Physi-
cal Review Letters, 2007, 99(9): 093904.

[11] Li Y, Liang B, Gu Z M, et al. Unidirectional acoustic trans-
mission through a prism with near—zero refractive index[J].
Applied Physics Letters, 2013, 103(5): 053505.

[12] Fang N, Xi D J, Xu J Y, et al. Ultrasonic metamaterials with
negative modulus[J]. Nature Materials, 2006, 5(6): 452—456.

[13] Li Y, Liang B, Gu Z M, et al. Reflected wavefront manipula-
tion based on ultrathin planar acoustic metasurfaces[J].
Scientific Reports, 2013, 3: 2546.

[14] Assouar B, Liang B, Wu Y, et al. Acoustic metasurfaces[J].
Nature Reviews Materials, 2018, 3(12): 460—472.

[15] Liang B, Cheng J C, Qiu C W. Wavefront manipulation by
acoustic metasurfaces: From physics and applications[J].
Nanophotonics, 2018, 7(6): 1191-1205.

[16] Diaz—Rubio A, Tretyakov S A. Acoustic metasurfaces for
scattering—free anomalous reflection and refraction[J]. Phys-
ical Review B, 2017, 96(12): 125409.

[17]1 Qi S B, Li Y, Assouar B. Acoustic focusing and energy
confinement based on multilateral metasurfaces[J]. Physical
Review Applied, 2017, 7(5): 054006.

[18] Li Y, Shen C, Xie Y B, et al. Tunable asymmetric transmis-
sion via lossy acoustic metasurfaces[J]. Physical Review
Letters, 2017, 119(3): 035501.

[19] Li J, Fok L, Yin X B, et al. Experimental demonstration of
an acoustic magnifying hyperlens[J]. Nature Materials, 2009,
8(12): 931-934.

[20] Popa B I, Zigoneanu L, Cummer S A. Experimental acous-
tic ground cloak in air[J]. Physical Review Letters, 2011,
106(25): 253901.

[21] Melde K, Mark A G, Qiu T, et al. Holograms for acou-
stics[J]. Nature, 2016, 537(7621): 518—522.

www.kjdb.org

[22] Chen J, Liu B, Peng G S, et al. Achieving high—perfor-
mance transcranial ultrasound transmission through Mie and
Fano resonance in flexible metamaterials[J]. Advanced
Science, 2025, 12(19): 2500170.

[23] Dong E Q, Zhang T Y, Zhang J H, et al. Soft metalens for
broadband ultrasonic focusing through aberration layers[J].
Nature Communications, 2025, 16: 308.

[24] Shi C Z, Dubois M, Wang Y, et al. High—speed acoustic
communication by multiplexing orbital angular momen-
tum[J]. Proceedings of the National Academy of Sciences of
the United States of America, 2017, 114(28): 7250—7253.

[25] Jiang X, Liang B, Cheng J C, et al. Twisted acoustics: Meta-
surface—enabled multiplexing and demultiplexing[J]. Advan-
ced Materials, 2018, 30(18): 1800257.

[26] Zhu Y F, Hu J, Fan X D, et al. Fine manipulation of sound
via lossy metamaterials with independent and arbitrary
reflection amplitude and phase[J]. Nature Communications,
2018, 9: 1632.

[27] Yu N F, Genevet P, Kats M A, et al. Light propagation with
phase discontinuities: Generalized laws of reflection and
refraction[J]. Science, 2011, 334(6054): 333—-337.

[28] Li Y, Jiang X, Liang B, et al. Metascreen—based acoustic
passive phased array[J]. Physical Review Applied, 2015,
4(2): 024003.

[29] Xie Y B, Wang W Q, Chen H Y, et al. Wavefront modula-
tion and subwavelength diffractive acoustics with an acous-
tic metasurface[J]. Nature Communications, 2014, 5: 5553.

[30] Zhu X F, Li K, Zhang P, et al. Implementation of disper-
sion—free slow acoustic wave propagation and phase engi-
neering with helical—structured metamaterials[J]. Nature
Communications, 2016, 7: 11731.

[31] Xie B'Y, Tang K, Cheng H, et al. Coding acoustic metasur-
faces[J]. Advanced Materials, 2017, 29(6): 1603507.

[32] Bok E, Park J J, Choi H, et al. Metasurface for water—to—air
sound transmission[J]. Physical Review Letters, 2018,
120(4): 044302.

[33] Huang Z D, Zhao Z P, Zhao S D, et al. Lotus metasurface for
wide—angle intermediate—frequency water—air acoustic trans-
mission[J]. ACS Applied Materials & Interfaces, 2021,
13(44): 53242-53251.

[34] Cai Z R, Zhao S D, Huang Z D, et al. Bubble architectures
for locally resonant acoustic metamaterials[J]. Advanced
Functional Materials, 2019, 29(51): 1906984.

[35] LiuJ J, Li Z W, Liang B, et al. Remote water—to—air eaves-
dropping with a phase—engineered impedance matching
metasurface[J]. Advanced Materials, 2023, 35(29): 2301799.

[36] Ma G C, Yang M, Xiao S W, et al. Acoustic metasurface
with hybrid resonances[J]. Nature Materials, 2014, 13(9):
873-878.

[37] Yang M, Meng C, Fu C X, et al. Subwavelength total acous-
tic absorption with degenerate resonators[J]. Applied Physics

&9


http://www.kjdb.org

PHE Sl 2026,44(4)

WFsE

Letters, 2015, 107(10): 104104.

[38] Fu C X, Zhang X N, Yang M, et al. Hybrid membrane
resonators for multiple frequency asymmetric absorption and
reflection in large waveguide[J]. Applied Physics Letters,
2017, 110(2): 021901.

[39] Aurégan Y. Ultra—thin low frequency perfect sound absorber

—

with high ratio of active area[J]. Applied Physics Letters,
2018, 113(20): 201904.

[40] Huang S B, Fang X S, Wang X, et al. Acoustic perfect
absorbers via spiral metasurfaces with embedded aper-
tures[J]. Applied Physics Letters, 2018, 113(23): 233501.

[41] Huang S B, Fang X S, Wang X, et al. Acoustic perfect
absorbers via Helmholtz resonators with embedded aper-
tures[J]. The Journal of the Acoustical Society of America,
2019, 145(1): 254-262.

[42] Huang S B, Zhou Z L, Li D T, et al. Compact broadband
acoustic sink with coherently coupled weak resonances[J].
Science Bulletin, 2020, 65(5): 373—379.

[43] JiJ,LiD T, LiY, et al. Low—frequency broadband acoustic
metasurface absorbing panels[J]. Frontiers in Mechanical
Engineering, 2020, 6: 586249.

[44] Zhou Z L, Huang S B, Li D T, et al. Broadband impedance
modulation via non—local acoustic metamaterials[J]. Natio-
nal Science Review, 2022, 9(8): nwab171.

[45] Yang M, Chen S'Y, Fu C X, et al. Optimal sound—absorbing
structures[J]. Materials Horizons, 2017, 4(4): 673—680.

[46] Kumar S, Lee H P. Labyrinthine acoustic metastructures
enabling broadband sound absorption and ventilation[J].
Applied Physics Letters, 2020, 116(13): 134103.

[47] Huang S B, Liu T, Zhou Z L, et al. Extreme sound confine-
ment from quasibound states in the continuum[J]. Physical
Review Applied, 2020, 14(2): 021001.

[48] Jiang X, Liang B, Li R Q, et al. Ultra—broadband absorption
by acoustic metamaterials[J]. Applied Physics Letters, 2014,
105(24): 243505.

[49] Qu S C, Gao N, Tinel A, et al. Underwater metamaterial
absorber with impedance—matched composite[J]. Science
Advances, 2022, 8(20): eabm4206.

[50] Tong L, Xiong Z, Shen Y X, et al. An acoustic meta—skin
insulator[J]. Advanced Materials, 2020, 32(37): 2002251.

[51] Zhang H K, Zhang W X, Liao Y H, et al. Creation of acous-
tic Vortex knots[J]. Nature Communications, 2020, 11:
3956.

[52] Zeng L S, Lin Z B, Li Z L, et al. High—resolution manifold
acoustic holography based on high—pixel—array binary meta-
surfaces[J]. Advanced Materials, 2025, 37(20): 2420229.

[53] Liang B, Yuan B, Cheng J C. Acoustic diode: Rectification
of acoustic energy flux in one—dimensional systems[J].
Physical Review Letters, 2009, 103(10): 104301.

[54] Liang B, Guo X S, Tu J, et al. An acoustic rectifier[J].
Nature Materials, 2010, 9(12): 989—992.

90

[55] Ding Y J, Peng Y G, Zhu Y F, et al. Experimental demon-
stration of acoustic Chern insulators[J]. Physical Review
Letters, 2019, 122: 014302.

[56] Chen Z X, Li Z W, Weng J K, et al. Sound non—reciprocity
based on synthetic magnetism[J]. Science Bulletin, 2023,
68(19): 2164-2169.

[57] Nii Y, Yamamoto K, Kanno M, et al. Observation of nonre-
ciprocal diffraction of surface acoustic wave[J]. Physical
Review Letters, 2025, 134(2): 027001.

[58] Wang W, Hu C B, Ni J C, et al. Efficient and high—purity
sound frequency conversion with a passive linear metasur-
face[J]. Advanced Science, 2022, 9(33): 2203482.

[59] Zhong J X, Hu C B, Wang K K, et al. Local-nonlinearity—
enabled deep subdiffraction control of acoustic waves[J].
Physical Review Letters, 2023, 131(23): 234001.

[60] Zhong J X, Ji J, Xia X X, et al. Audible enclaves crafted by
nonlinear self-bending ultrasonic beams[J]. Proceedings of
the National Academy of Sciences of the United States of
America, 2025, 122(12): e2408975122.

[61] Demore C E M, Yang Z Y, Volovick A, et al. Mechanical
evidence of the orbital angular momentum to energy ratio of
Vortex beams[J]. Physical Review Letters, 2012, 108(19):
194301.

[62] Hong Z Y, Zhang J, Drinkwater B W. Observation of orbital
angular momentum transfer from Bessel-shaped acoustic
vortices to diphasic liquid—microparticle mixtures[J]. Physi-
cal Review Letters, 2015, 114(21): 214301.

[63] Gspan S, Meyer A, Bernet S, et al. Optoacoustic generation
of a helicoidal ultrasonic beam[J]. The Journal of the Acous-
tical Society of America, 2004, 115(3): 1142—1146.

[64] Jiang X, Li Y, Liang B, et al. Convert acoustic resonances to
orbital angular momentum[J]. Physical Review Letters,
2016, 117(3): 034301.

[65] Esfahlani H, Lissek H, Mosig J R. Generation of acoustic
helical wavefronts using metasurfaces[J]. Physical Review
B, 2017, 95(2): 024312.

[66] Gao S X, Li Y B, Ma C R, et al. Emitting long—distance
spiral airborne sound using low—profile planar acoustic
antenna[J]. Nature Communications, 2021, 12: 2006.

[67] LiuJ J, Li Z W, Ding Y J, et al. Twisting linear to orbital
angular momentum in an ultrasonic motor[J]. Advanced
Materials, 2022, 34(28): 2201575.

[68] Tian Z H, Shen C, Li J F, et al. Programmable acoustic
metasurfaces[J]. Advanced Functional Materials, 2019,
29(13): 1808489.

[69] Chen Z X, Peng Y G, Li H X, et al. Efficient nonreciprocal
mode transitions in spatiotemporally modulated acoustic
metamaterials[J]. Science Advances, 2021, 7(45): eabj1198.

[70] Zhou H T, Li C Y, Zhu J H, et al. Dynamic acoustic
beamshaping with coupling—immune moiré¢ metasurfaces[J].
Advanced Materials, 2024, 36(24): 2313004.

www.kjdb.org


http://www.kjdb.org

WE5E FHE SR 2026,44(4)

[71] LiuJ J, Wang W, Zhao C Y, et al. Static passive meta—sonar [78] Wu W T, Shan X B, Zhang H, et al. Implementing the

for dynamic sound beam scanning[J]. Science Bulletin, inverse design and vibration isolation applications of piezo-
2023, 68(17): 1862—1866. electric acoustic black hole beams by machine learning[J].
[72] Gao Y X, Cheng Y, Liang B, et al. Acoustic skin Thin—Walled Structures, 2025, 211: 113074.

meta—muffler[J]. Science China Physics, Mechanics & [79] Gasse M, Millioz F, Roux E, et al. High—quality plane wave
Astronomy, 2021, 64(9): 294311.

[73] Zheng B, Yang J, Liang B, et al. Inverse design of acoustic

compounding using convolutional neural networks[J]. [EEE

Transactions on Ultrasonics, Ferroelectrics, and Frequency
metamaterials based on machine learning using a Control, 2017, 64(10): 1637—1639.

Gauss—Bayesian model[J]. Journal of Applied Physics, 2020,
128(13): 134902.
[74] Xu Z X, Zheng B, Yang J, et al. Machine—learning—assisted

acoustic consecutive Fano resonances: Application to a

[80] Luchies A C, Byram B C. Deep neural networks for ultra-
sound beamforming[J]. IEEE Transactions on Medical Imag-
ing, 2018, 37(9): 2010—2021.

[81] Ali S, Zhou F, Bailey A, et al. A deep learning framework

tunable broadband low—frequency metasilencer[J]. Physical " : d D d .
t t torat .
Review Applied, 2021, 16(4): 044020, or quality assessment and restoration in video endoscopy[J]

[75] Zhu Y F, Fan X D, Liang B, et al. Ultrathin acoustic meta- Medical Image Analysis, 202'1’ 68: 101900. ) )
surface—based schroeder diffuser[J]. Physical Review X, [82] Ballard Z, Brown C, Madni A M, et al. Machine learning

2017, 7(2): 021034 and computation—enabled intelligent sensor design[J].
Nature Machine Intelligence, 2021, 3(7): 556—565.
[83] Huang L H, Wang Y, Zhang Q F, et al. Machine learning for

[76] Weng J K, Ding Y J, Hu C B, et al. Meta—neural—network

for real—time and passive deep—learning—based object recog-

nition[J]. Nature Communications, 2020, 11: 6309. underwater acoustic communications[J]. IEEE Wireless
[77] Chen A, Xu Z X, Zheng B, et al. Machine learning—assisted Communications, 2022, 29(3): 102-108.

low—frequency and broadband sound absorber with coher- [84] Ge C H, Wang N Y, Wang X, et al. Causal—constraint

ently coupled weak resonances[J]. Applied Physics Letters, broadband sound absorption under isothermal process[J].

2022, 120(3): 033501. Physical Review Letters, 2025, 134(23): 237001.

Recent advances in acoustic metamaterials: Multi—-dimensional
manipulations of sound wave and their applications

LIANG Bin, FANG Yiju, LIU Jingjing, CHENG Jianchun

School of Physics, Key Laboratory of Modern Acoustics of Ministry of Education, Collaborative Innovation Center of Advanced
Microstructures, Nanjing University, Nanjing 210093, China

Abstract More than two decades of sustained development regarding acoustic metamaterials have not only unveiled a wide range of
novel acoustic phenomena and provided abundant new mechanisms and methods for sound manipulation, but also introduced a new
paradigm for acoustic wave control. In this article, we provide a brief overview of recent advances in acoustic metamaterials, introduce
their anomalous acoustic properties and outline how artificially designed acoustic metamaterials enable multidimensional control of sound
waves according to specific tasks. Covered topics include wavefront shaping, spatial distribution and directional control of sound energy,
time—dependent and orbital angular momentum modulation in acoustic artificial systems. We also showcase the potential of metamaterials
to address longstanding challenges in key areas such as noise reduction, room—in sound field control, and acoustic detection. Acoustic
metamaterials are currently experiencing rapid development and are accelerating the transition from fundamental research to practical
applications. In the future, they are expected to play a pivotal role in diverse areas such as ultrasonic diagnostics and therapy, stealth
technology, and intelligent manufacturing.

Keywords acoustic metamaterial; acoustic metasurface; multi—dimensional manipulations; time—varying modulation; acoustic

unidirectionality; artificial silent channel; artificial intelligence

www.kjdb.org 91


http://www.kjdb.org

	1 声超构材料的反常声学性质
	2 声超构材料实现声波的多维调控
	2.1 相位调控
	2.2 能量调控
	2.3 频率调控
	2.4 角动量调控
	2.5 时变调控

	3 声超构材料的典型应用
	3.1 噪声控制与声场调控
	3.2 从声场调控到面向复杂任务

	4 结论与展望
	参考文献

