#) 32 % 3R Acta Phys. Sin. Vol. 74, No. 19 (2025) 194301

—HEFERSHES REEKITES

DD i

B E Y

FREMY

1) (FEBEABE AT, WA ORI, JbaT 100190)
2) (FEBLEB A YEEERE, JEaT 100049)

(2025 4E 6 H 9 HIk#E; 2025 4F 7 A 27 HUEMERR)

£t R K T 3058 055 300 X 7K O 2 Ve SR80 A o B — i A 2 S 5 M T 2 0 e R AR K T R
MIUAR] 75 25 4 A, g e 2 B e s il e Y0 SR AR 28 B Ry K s 2 rp s 2R 25 il 4 o — i I SR A R 1 AT AL 8
FEF AR T — b 2 2 R K T 3 R A K T 2 rh g L A 2 SR 254, SR B R AR
T 4 TH K W 25 0 v 22 R P AR A 2 R AR 6 E A BT 4 R R R SR, S0 UE TR A 2 A AR
1.7—>5.8 kHz 4 B P 42 55 7K T #5422 A0 58 480 B S 8 0 3. AT 17 75 2 B TR 65 g 7K T 98¢ 22 WA 8 480 B L R 5 K Y
JRR, gk — P B T 2 B 5 B3 I 1 Helmholtz 3% R4 K W 2%, 5500 B0 I 75 2% B A iR shii s 5
T M A S B S B T A B KR AR T PRI K T 28 R LR ZE T A A b HEATI. Z5 R AR, e R
T 7K W7 25 388 3 25 P 3h 2R AR08 T A R K T B R AR, R SR S5 A o Z SR AR T,
2.6—5.3 kHz #l Bz N R A i = 7T 35169 dB, AR HI7E 8 dB L.

KR KWTAS, THEA AR, R U, BUSHS

PACS: 43.30.4+m, 43.58.+z, 43.40.+s
CSTR: 32037.14.aps.74.20250741

1 3

IR 5 2 SRS AR 7 {5 5 I e 0 v T A5
AR, K IR A ) B B2 G . 4R
R SRR i BB IR AR Z —, TR i B
PRI 5538 15 W Y, 7K W A 00 e 14 R AEU%E A
AR D P A RN oK . A 2 R A K Wi 45
LR 20y e e 5 i s i A H
JCET O RYSREE | A FIARAL SRR P A T
SRS, AR HOE = R TR 5 SR R L
A ZE DU 02 i L K T A AR F A L R e
Hokitt, AR fa g T2 BA Al 4%, 7K
PRI L2 SR TT 1) Z AN, (E R R f
JEVEREANEL T LT /KT S5 A B 22 . 1 [ PR i
T A BE DRI 5K, ] S B v K W RAEURE 19
FWANEARTE, Tl 3 fF B v 1) K I J5 7). H

-

t BIE1EH. E-mail: lijb@mail.ioa.ac.cn
© 2025 FEYIEZS Chinese Physical Society

DOI: 10.7498/aps.74.20250741

BT FE A AR T8 i s ri 7K W e R UM RE BT
FEA PR R R RAUE DI REA BRI L e g
SER BT IR TT L AR DT IR T A% S8 e A B
B, BRI R > TR A M RRL B st iR kL
AR U 0T L A2 5 AR BT 25 PR SR T A
K Wr g, QLB 22U T AR B Y R J , (H k8t
PR AE A 0 A e B R A5 BB, T 2R
B AIC | PERERRE 1Y T HL P eV S U T 1R b
B R DL BERE O, S5 R8T TE, — Gl A
BT A, AR SR 3 5 B R U 4
ThHeIn = 1 B O A A5 AR K
W, AT AETER AR BRI 8 3 A v PO e e R BB
RSO 7 il 2R AR, L REBR A Y417 5
A2 DO S0 T — R G WU K T A, R P
OIS 5 e L R AR ) T IR AR S A 5 T S B
SR, AEAE AR BIN ORI ED R
HUGBR A, EL W RSB

http://wulixb.iphy.ac.cn

194301-1


http://doi.org/10.7498/aps.74.20250741
https://cstr.cn/32037.14.aps.74.20250741
mailto:lijb@mail.ioa.ac.cn
mailto:lijb@mail.ioa.ac.cn
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 74, No. 19 (2025) 194301

AT A 75 27 BT (acoustic black hole, ABH)
S RE) R L AR IR 110 103 B B R PR T 7 2 5 iR 0 4 el e
T Tz E5E. ABH 800 2 38 1o R B 4544 1 )52
JEARAV R, o725 i 78 548 v A % 4 T 2 T ik
/N, BRAEUNE O T I e/ 28 2 TS i A S 53 i R
B, XA AT LAY 25 il SR AT R O, S
PP R B B AL 112 FESCBR N Y, ABH 45
P 5L T R B, (H AR R AR SRR A AE.
Huang 5 3 B FAESE A0 — 4k ABH FARH T
5 i S 4 O R R B AR A g 2, R T
I ABH IR H 25 i n S e i (HHHE SR
B2« HitAE K, BAT ABH FPRER AT =
— T R B T ) BRI RS

16 ABH Z5Fg % W 5 T, HARR IR 9 5 SR AR

PELL R 25K T BS54 1 © 2T AR Sl M P s (14191

R [ i 0017 ZEATR A T )2 B, Ak,
F ABH FE 8 PR 451 5 b 55 i i (v B i 107, IFSE N B
e R SIS T —SE i R, X 45 18—
#IME ABH 45455 Je.0 X R IR GE 28 2 A 7E—
o, AR R T R AR AL B T A RN A RE
7. Chen %5 19 48 i —Fh ABH # = FAR I, FlH
A PR A5 1 v 7 R M R S B R R D) )
AR, FAGSE PO $ H0K—2E ABH 2501 M APk
Sl RE #1412 A8 R B AN [ o7 7R
FRATRE TSR s Z D RE T b, PSR
DL EAF5E 3B ABH IR —Fopi B2 44 8 04 T
FEEAHRE AR PERE, (H IR RE AR AU M SR T 38 R £
TSP BB ARSI R G0, HLYS A SN s e
REAIHR T, 76 K75 e e 7 T 55 40038 o AR A7 AE AR O
HIH.

ARSCMIUT 24 5 B % K ABH 45841025
MBI SRR K P s TR e 2R il e —F
T 48 ABH 2509 09 3% RAERRIEfRT L BRI, JE
TR T —Fh T4k ABH KW #%, 1854 IR
TCA BT 4 ABH /KW 252 m BRI R R 1 BB
HEAT T 8RAE. JF i —2 1% T ABH 5 HugF O
Helmholtz ¥ &5 G /K Ur %, K4 5T P F ABH 25 i
PR S MBS A TAE LS s 20
T PIFOK TR BIL, 7RI P K T A TR R
BRI, K S 45 2R 5 A BRI LG R R AT
Eb, S0 UE PR K T I e IERE T 4 ABH
KT #5538 2 25l i 30 3R AR A5 P A ARCE s K T
PR, I 5 S T 2R G ST

I, S ABH Z5H7EK P4 BEAS B9 HI S 1
BRI LA

2 4 ABH W R Ef(0E S 5 I6E
2.1 ABH M54 ABH ERB&ER{LIES
ABH W & 7E— 4 )5 AR B 2 547 o b e

ST, AR A I 25 IR 3 7 R AU LA A
ST 4 AT AR AR S i KR kO 12

”“;”2”]”4{;5;)}”2» O

Ho, p, E, o 535 9 MR A7 OB JAAR
F, w AR, h(z) ARERHERIEEE. (1) 20T
525 A Rk K

ow E
Cq =

1/4
T ok {12(1 - 02)0] BN @
1 (2) 2RI B G 45 R J5E AR/, 2 i B i
WS, TR LU IR SR, Bl h () = ea™
I AN 1(a) P, 2 HIHEIZRE EN oo 453
ay I BT I B

@ —1/4
- / tde 1] B 7TV s g
o Ca 2|12(1—02)p

[¢]

T1
X / ™ . (3)
xo

AR Rk U, SR om > 2 H 2y — 0RY,
T — oo, RV AGEAL AR 21 AL, A
o3 MR RO, PR S i i e e b SR AR TE S A Y ih
2k, By A: T SRIRAON; , 3k A AR SRR TE =X 2R PR
—4k ABH 45#4.

(a) y‘

(b)

ka(z) =

K1 (a) R R AR MR R (b) — 4 ABH
45ty

Fig. 1. (a) Cross-section of a beam with power-law thick-
ness variation; (b) 2D ABH structure.
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Fig. 2. Geometric relationship of an infinitesimal element
along the bending wave trajectory in the polar coordinate

system.
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Fig. 3. (a) Thin plate embedded with a 2D ABH pit; (b) si-

nusoidal excitation signal.
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Fig. 4. Displacement responses of two types of plates at 1-7 ms: (a) Uniform plate; (b) thin plate embedded with a 2D ABH pit.
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NRIEE IR, 754 ABH 2500 iR sl SR A2 ek, X H A T R R A, AR K T 2 T A R AR
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REEMEES. AN, T MEIK I 8B R R T /N FE P, SR [ R S AR,

MHZERL. DA T R AT PR, SR FSCRR [24] FAiT PERERT H

Eﬂ‘ﬁﬁ%*%@;’ggﬁ JJ:[:ZF%,VEH%’ fﬁ%ﬂ‘ﬁ?ﬁfﬁ)\(% Table 1. Performance comparison of hydrophones
with plates of four thickness types as the acoustic

D, = pv/ i, (17) wave receiving surface.
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A . LEASCRATIROE S BI, py Hyk MRk R 295k 525 ks

Wr g ABH ARETM S E Y, p = 1 Pa, &3t WSt h =hy 1787 21.35 121.6 91.8

EAlE D, MR AR an & 11 iR, TTLLE WS h =hy 1763 33.2 144.8 139.2

WD, 4k WA WA S ABH K WSS B2k AR 1806 231 153.7 116.6

S GNP, O A L L ADHIR w078 0T 160 90

(a) 180° (b) 180°

90° 270° 90 270°
60 300 60° |~ 300
— 2.95 kHz-ABH \ B — 5.25 kHz-ABH
- -2.95 kHz-h - ~ - 5.25 kHz-h;
---2.95 kHz-hs ---5.25 kHz-hy

—--2.95 kHz- &M E —-- 5.25 kHz-Z kAR

B9 4 R EETE 2K B ARAE e i 42 T A K T 38 B2 L8 1Pk (a) 2.95 kHz; (b) 5.25 kHz
Fig. 9. Receiving directivity of hydrophones with plates of four thickness types as the acoustic wave receiving surface: (a) 2.95 kHz;
(b) 5.25 kHz.

@[ 6 o ®) ~
8 g 33
6 g 2 g
4 ~ -
2 & g
0 Z 0 =
-2 = >

< -1 <
-6 8 -2 R
-8 & -3 &
—10

Kl 10 ABH /KT #8050 8% 3 RIS S 75 3 B B AR KRR TIOR8 (a) 2.95 kHz; (b) 5.25 kHz
Fig. 10. General and enlarged views of displacement fields and steady-state sound pressure fields for the ABH hydrophone:
(a) 2.95 kHz; (b) 5.25 kHz.
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Bl 11 ABH /KW #8075 % 4
Fig. 11. Diffraction constant of the ABH hydrophone.
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Fig. 12. (a) Equivalence of a surface excitation to the super-
position of an infinite number of line excitations on concent-
ric circumferences; (b) approximation of a line excitation on

a circumference as the superposition of an infinite number

of line excitations on line segments.
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B 13 ARRAE AR R REE S T AR (a) BE 1 ARG N 5.86 kHz {55 3#40050; (b) BJE 2 4N 5.86 kHz {55 #6;
(c) [IJE 10 2 4b R fn 5.86 kHz 15 5 U5 ; (d) ﬂﬂ Mu?@ﬁu 6.53 kHz 15 533l (e) l‘lﬂ 25Lﬁﬁzﬁu 6.53 kHz 155 b ; (f) &
J& 1R 2 Ab TRl 0 6.53 kHz {5 5 30U

Fig. 13. Displacement responses under excitation at different positions and frequencies: (a) Excitation on circumference 1 with a

5.86 kHz signal; (b) excitation on circumference 2 with a 5.86 kHz signal; (c) simultaneous excitation on circumferences 1 and

2 with a 5.86 kHz signal; (d) excitation on circumference 1 with a 6.53 kHz signal; (e) excitation on circumference 2 with a 6.53 kHz

signal; (f) simultaneous excitation on circumferences 1 and 2 with a 6.53 kHz signal.
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Fig. 14. Cross-sectional view of the ABHH hydrophone
structure.
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Fig. 15. Comparison of simulated receiving voltage sensitiv-
ity level curves between the ABH hydrophone and the AB-
HH hydrophone.
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Fig. 16. Comparison of receiving voltage sensitivity level

curves for the ABHH hydrophone with variation in the li-

quid cavity length.
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Fig. 17. Simulated directivity pattern of the ABHH hydro-

phone.
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Fig. 18. General and enlarged views of displacement fields and steady-state sound pressure fields for the ABHH hydrophone:

(a) 2.75 kHz; (b) 3.85 kHz; (c) 5.3 kHz.
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s il 363 ABHH KT A%, R JH HA I RE L L PRk
= ol F R RS A, A 8 K DT A K S 25
= 25 Pl 21 JF . 467 UL 2 K T 28 L 60 A
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2 ol VR, AR SRR K T 2 RO I AT 25 55 7 L Y
05| FEBS dy , do, WIS (18) 2K, HeA 3 JT i i i e
Yo 25 30 33 40 i3 5o 53 oo 1, e BT A5 44 0 7K 7 2% F 45 M o S R A
Bk s Y20, AN, L HERL K DT RS, GO R
B 19 ABHH kW7 284751 % 4 ] b BT s R R PR R R R R R 2R, A

Fig. 19. Diffraction constant of the ABHH hydrophone. —AL BRI AT A8 K W #8 B 32 Es m P K]

W

B 20 AKWrgsZ 0k BOoK BB EREAL  (a) KT ES &R ZAE; (b) PZT-5 A JEHLBFE; (c) ABH KU EENL; (d) ABHH /K Wr 28 EEAL
Fig. 20. Hydrophone components and prototypes after waterproof potting: (a) Metal components; (b) PZT-5 A piezoelectric ceram-
ic; (¢) ABH hydrophone prototype; (d) ABHH hydrophone prototype.

@1 | =N
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Bl 21 (a) /K W7 dsHe b R B RS 1 M 0 9206 0 5 4E B 5 (b) ABH KW AK %355 () ABHH KT 88 AZK %35
Fig. 21. (a) Experimental setup for measuring hydrophone receiving sensitivity using the comparative method; (b) immersion pos-
ture of the ABH hydrophone; (c) immersion posture of the ABHH hydrophone.
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M.L = (M,L)1+201log(dz/dy)+201og(ez/e1). (18)
¥ ABH K W7 25 A1 ABHH 7K W7 #3543 578 0 15
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Fig. 22. Measured receiving voltage sensitivity level curves
for the ABH hydrophone and ABHH hydrophone.
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Fig. 23. Measured directivity patterns of the ABH hydro-
phone and ABHH hydrophone.
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# 2 ABH KT a7 5 -5 S5 HEREXS H
Table 2.  Comparison of simulated and measured per-

formance for the ABH hydrophone.
e e S
B

Wk MR SEUE -3 dBIT MR REUE -3 dBJF
/kHz  /dB  f/(°)  /kHz /B /(%)

1B 295 -167.3 156 2.9 -168.8 120
2B 5.25 -168.5 99 5.0 -168.6 85

# 3 ABHH /KU 0905 215 S0 e X He
Table 3. Comparison of simulated and measured per-
formance for the ABHH hydrophone.

s i R

Mg BR SUEE -3dBIF iR REUE -3 dBIF
/kHz /dB  f8/(°) /kHz /dB /(%)

1B 2,75 -167.0 160 2.8 170.4 135

2B 3.85 -168.4 96 3.6 -173.9 95
3 5.30 -167.8 64 5.0 -169.0 69
5 %4 #

ARSCMT U 2 SRR e, K e 2 P )25
BRI oK 2 e 25 i, g2 b 17—
AT 48 ABH 258 1% RAERHERI LS. R
Pk — P T —Fh 4k ABH 259K 2%, 38
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High-sensitivity hydrophone with two-dimensional
acoustic black hole structure
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Abstract

Acoustic black hole (ABH) structures are renowned for their unique wave-focusing ability and have been
widely utilized in the fields of acoustics and vibration. Based on this property, a novel high-sensitivity
hydrophone design incorporating a two-dimensional (2D) ABH structure is proposed in this work. According to
the principles of geometrical acoustics, the wave-converging behavior of bending waves in ABH structures is
compared to the bending of acoustic ray in underwater acoustics. A simplified theoretical model describing the
relationship between the bending wave trajectory and the wave speed gradient in polar coordinates is
established for two-dimensional (2D) ABH configurations and verified through numerical simulations. Based on
this mechanism, a 2D ABH hydrophone is developed by integrating the ABH structure into bending-plate
hydrophone, enabling vibration energy concentration and significantly enhancing sensitivity. The comparative
studies of hydrophones using uniform-thickness plates and linearly tapered thickness plates as receiving surfaces
confirm the superior performance of the ABH hydrophone in a frequency range of 1.7-5.8 kHz. To address the
significant undulations observed in the sensitivity response, which is attributed to vibration superposition, a
liquid cavity of specific length is introduced. This leads to the development of an ABH-Helmholtz-coupled
hydrophone (ABHH hydrophone), wherein the first two bending modes of the ABH structure are coupled with
the resonant modes of a single-ended open liquid cavity, resulting in broadband reception capability. The
prototypes of both hydrophone designs are fabricated and experimentally tested in an anechoic water tank. The
results show that both devices achieve peak receiving sensitivities exceeding —169 dB. Notably, the ABHH
hydrophone maintains sensitivity fluctuations within 8 dB in a frequency band of 2.6-5.3 kHz. This study
confirms that 2D ABH structures can effectively improve hydrophone sensitivity through bending wave
convergence, and can achieve broadband acoustic detection when the structure is coupled with liquid cavity
resonators. These findings lay a solid foundation for the application of ABH structures in the design of

underwater acoustic transducer.
Keywords: hydrophone, two-dimensional acoustic black hole, high sensitivity, modal coupling
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