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Abstract: In order to solve the problem of single function after the existing acoustic lens structure is determined, a new technique

2. School of Optoelectronic Engineering and Instrument Science, Dalian University of Technology, Dalian

of gradient index curved acoustic lens based on tunable material is proposed. Different from the traditional acoustic lens which relies
on geometric array structure gradient, the curved acoustic lens establishes the mapping relationship between the temperature and the
material acoustic refractive index through the circuit system, and adjusts the precise distribution of the gradient refractive index.
Curved — surface acoustic lens can realize many kinds of acoustic function devices under different gradient temperature control, such as
stealth cloak, Lunenburg lens and fish—eye lens, etc. It has the characteristics of simple debugging and easy operation. Based on the
tunable acoustic properties of the lens material and the temperature control technology of the thermal circuit, a functional switchable

gradient index curved acoustic lens device is realized. The research results can provide theoretical and technical support for the design

of new multifunctional acoustic waveguide control devices.

Keywords: gradient index; acoustic lens; Rinehart surface; multifunctional device; control circuit

0 31F

PR RERT LLIE I SR 5 A H DL B AR A RE
TR R AT R B T ORI R, AR B SR WA AR
Hedn ™ EEREEEST AL Hoh, 7 AR T 4 R
(GRIN, gradient index) % 5" J& — Fi 4% 5k 1Y 75 2% 48 41
b B s ol R L1  PNNZ N  t  A
R B RE AR, B T A R DL R S AR S N T
J1s RBEIFESM. RREEAE . R D A S AR A T E R
AIRE. ENAMECTF R AL C LR 7 T IR 575 =8
BT L BB A 2 GRIN FE 85, i 1 ol s 50 i 45 4
S8, LRI AR BE 3T I R A 7 250 . A0 2016 AR5 R
EAE AR T —Fh e e R IR A, X B R
e F 2 (R E TR 75 4 B A1 .l o0 b 75 e DACHG 3R THT Y AR
TR 5 30 35 5 LR AR — M, 2020 4 J. Hyun % AU 42

Wi EHHEE 2021 -04-27; {&EBH:2021 -05-20,

T — il pi HE T 4 HROA (R A TR A A 2 R A X B GRIN 5 7
n AR GE R, DL s ) A AT AR, DT R O ) AR PO
ESCRINEEREWIREE 5

SRR GRIN 3% G5 B A B AL A 5 i fe vk, H il T
LA B A 5 238 1) S 4 R T L AT [ 5 45 44 0 i s . o
WER. BAKE. TR TR F SRS s
PR &5 0 70 728 7 S5 SR b R SR S B R 2 B i O 2. IR AR SR
TEHLRERE . KT TP F S 4R WL T R AR
BB AR 5 By GRIN B 538 . 2015 4F £ R F
A NN T 3o R T A KRR 7 T K TR A% B . SR B
KD I T 0 R BT S R, AR K B il . 2 R AT
FEHE . 2016 4F Mitchell—Thomas 2 A" FHAE 4G m
AN TR JE B B A AL B AE GHz I B bl A/ 1 3% 1T PR g ik B & <
. A IS R T SR M TR OE T i Tl R g R Y T ik R
TR A A% . SR b3k GRIN 7 8545 7 HAE S2 3 — Bl ks

EE TR ER A RP BT H (52003034) 5 v g i AL S ARG 55 3% & BUHE 4 BE B T H (DUT20RC(3)007) ,

EEB N B

W (1996 =), 35, A2t o e N, A0 A= o 32 28 DA 7 22 )y 1] B9 9F 9

BIRAEE 978 0 U TR R A S T BN T AR T 1 BT SE

SIAER R LR

WL WL TR A A B E B S 2l T S S A ST L . S E AL A S 4 L 2021,29(12) (172 - 176.

BB M www. jsjclykz. com



5 12 39 3

W, R T B Y B R T O 5l T A 2 i BT < 173 -

RPN G . AR RS, MR —F BB R TR
NPT S B PRD S LA B P 2 BUR . H o B 2% 1 75 3%
JR G A A B P L

ARSCHR T — Pl 3 T 37 S5 25 AT 9 38 A R 9 7R 0
KA BROCEAE TT 5 . 5T Z 22 08 R % N 1 3R 1)
RineHart i iff 52 4 25 #4*' . # 57 RineHart i 1 47 4f 5
T, R S R S A SO A RRIT S R e B A A RS
S AL A B AR R B L TR R B T U 4 1Y 38 T e e
s taLi
1 =472 GRIN B4t

AR R s PR R — M TR T A .
TR T () 7 AT R 0 A Ok 4 RS R AL R B AR . R
T TR S A2 A SCOR A [ 7 97 45 36 2 A 0 25 il 7
SRS 3R A MBS T 3. R = ol R s 1)
B, EIE PR EILER . 4R e m SR A i 1
() Frm. di—RIVERAR BB = B mA . &
PRRPREFS I R = AR AR BB R

(b) =BEBEITH N (o) 27
(ZEMFER: R BEHT I % (r) 4347)

1 Rinehart fff 1 75 2% 35 55 JL ] A1 gk 24 155 78

SHEFER BRI R N (o) s AmE 1 (b) B
N o o RO R PR AR AR . BB R E AR B IR IT R AL
BWmZEEe dL., RS = MBI RRA:
dL? = ds* + o* d¢? @)
A, s B TS ENEREL CAER S S W kK, 0%
S Xk AT B R G A . o AL SRDIT I R, 18] AL
B WS ZAMFERE de:
d¢’ = n’(ds’ + o’ d6") 2
LLE S SOl A A R AU AR T AR AR R KR Tl B
AR, Hp AR R 3 AR s, p 0. W
RULMTE AL B R p A0 AE R AZAZ R, A (2 A5 N,
d¢’ = N(p)?*(s(p)? dp® +p* d6®) (3
MR AR AR R s Mo AE AR, A0 (2) 1T
HH:
d¢’ = n()*(ds* + p(s)* dg®) (€Y

K, N (p =n (o, Ft, 0TLLE B AR AL E S B
TEAR [ 7 A, % R A B4 = M TE R A nds=nds, np=
nos =0, HHF n, o, 0 F/RARRNE XN R . #Hm
BB AR L DA KX oy A T I 3 0 R0 £ . A FERELR L AT
BUY 3 LT 458

J‘\nd‘s’:JA nds (5)

[aso=] aso 6
KA, R K RineHart fiEFH DA (=00 EW&S, s« A
z [ T0 B R AR R AR K
U o S T B B A R A L, 4R
EEFEWE 1 (b ZMEE R, WA, B ELTF =0
T . W s=p=r, ATLSIHHBARX (D AKX B
No = n(rr 7

J\d&)::J%dr/r::lnr (8
S 1
K, r BB HAE— SRR, mRER =1, ®

WS REL /(o) =s=r, WIWAX (D AHFEFH.
N@s) = n(OLf) Tf()/p(s) (9

O expj: dso, WIS o f2 0 1 75 6, A -

Flpl = expjt[x/ (0)/pldp ao

B A0 FRA (9 dry AT LIS 3] = 4k il 18 35 57
AT I 238 53 15 Ry
N(p) = n(r)[F(p) ]F(p)/p (1D
A Z 4 il B ORI T RineHare iy im, %57 (4 s
HpRENs =0.50+0.5sin 'p . # s ALK (10), W
M I RBamEtE e fin (D HBRWEE, n () R
YT I 5 B 7R A BN R B T A B Ay A, gk L
iR, pleA—fbE', M4T /R, B, RIE_YEEH
P A6 J3E 4 559 28 43 A bR A BRI AT DL 31 i B A TR 3 RE ) = 4
FH AR IE AT R RS
£ 1 CFHEEEBEGEIHRESH AKX
R n(r)
fe 5 3| % 1

>

BN IB 5

(%)

<1+RL>Z

£ 1R 7% 5

2 =F GRIN BEMERREAGE

AR b 3 T 7 A 0 B B BT, IER] T AN R R 2
o AR AT LA 3 A T 5 AR A (R 2 BE R 3 S R S B
T 47 59 38 SCRT A3 3o A J5 6] A9 75 B R R o PR AR SORE
SRUE T UnAnr S5 B ) 5 b k75 s m] R 4 A i RS S B B
PO 7K B JEE A i — ol L SR . 24 3 B T A A A I BRI

BB M www. jsjclykz. com



< 174 . P A 5 45

529 &

BHKBEIE I 45 G K F0 B K & A0 B, MR R R & AR
fb. SEELT AT . AT ARG IR X SR E K & R 6506 (1)
SRR B A B 1 P R AT I3, AR AR T LAY A R B Y
AR R, MR FEWM T B & KRR 65% 1R ok
B R AT IRIR A 1 2 —30 C; SRJG . 1 Bk B
AL BE RG0S UL L RS s RcJE . AR IRWRAmE S, fE20 C
FURAEET S I 2 IR SR B T A e T IR e R e R
AL mE 2 fros. T RS AEND B, R
AN X A I LT T RS, BAE AKX
v=0.6937 1" —12.782 t+ 2 054.1 (12)
AR b SCHY - 3B B S R A A A s (1D L (12),
HE AR 75 22 Ty RE KT N7 A9 A B2 P RO R 40 A ot el R
PR A I A G B b S B B R A B . B R B R
W AACHE IS I TR A8 R 4% T SE P, R SR A A
i T 2 B AR A — R R AL B TR B S A3 A R [ A
B BT B AR R DX i R R AR A A S
TR 20 CE M IR BOUKEER 09 75 AR Sy it H A 2F B B
B BE I3 A1 T FHH b JLELAE D 2 000 m/s. X N7 5 273 A
ERAE nb R 0. 74,

3200 F
3000 |
2800 -
2600 -
2400 |
2200 |
2000 -
1800 ¢

FEIE/m e s

30 20 -0 0 10
WA/ C
B2 IR X 3K i B 7 5 AR 1k 2R

FLB IR T I A AT 3 R . G R TR 0 B
L PN B A S 1 T R 0 AT N R PLC R ) 4% i
Aok 5 v T 1R A o 9 A T PP R A . B B
JEN —35 C, N AL R A il e o L S Rk E
EALHLA PLC #2647 S5t

PLCY: il#
A

FEL R 2

P 3l T A B A 9 4 a1

IRJE s gl T P 2 0B B A BE AR A, AR SCHE A )
i S K BT R B A A T RS DN R A R R A SR
AT A FL BEL R g6 0 P 2 58 A R AT I A . e B 4 o
0 B T AR A PR (ol R BEL L A i ) S L R AR
F e SE I B B K BEIE R B decda s BRATTAR 4 I AT 15

FAAER U DX 37K 058 T 4 ek 7 A AR R R R S
7 2 AT B IR SR, PLC ¥l 3% 4 7 2 15 g 4 26
BSH, BRI A8 SR R B AR o e it
AT 7 2 A L B AR e A T S AR R IXC el g A R
A
3 FEER

AR AR ITZ Y 54 3 COMSOL Mul-
tiphysics L4 = 4 i 18 % 52 (9 7 F Rk, BE LA S 500
SR AR KRS, Ky 400 mm, 5EJy 300 mm,
R4 mm, R LA EMTFRERE R RE, EREN
100 mm, &N 63.2 mm, ZEHN 4 mm. (FEFEILH 3
AESME, MEEE,. BNEEE. ARBE.
3.1 BE}E

LTt = g S e i R L AU T I W (T N /NS Y
AL, RGN =4S F B E IR A=k

n,

a+va—p,"

THEAFLM N (o) BB A7 {8 X 17 9 46 B 75 38 43 A7 4
B4 () P, B4 (b) 7R T kA 70 kHz i ERIEF
SEnvERE . B T AT M ORBREE AT, AR EE S L
R RSG5 X I T T 0% B b AR S (B Y SRR AH
W, W LUK I Gead il 3 4 40 A4 07 I AL RS T ). PR Bh
FHOL AN R A TS o 7 U5 AE A% 1 o 7 v R M B R 1 5 1
FREFETRRE TR, SRS MERER, ZHRE
MEATG . B LAOR 9L £ = ol T OB B R UL IR AR
5O WA 4 1 b AR R SO R — 20 IR T
o BE TS B A4 T 1 OB T LACKE W A e A U A T A
R,

(13)

(p)

I (103 m/s)
2.9 2

-

(0) B 4 7 41
P4 70 KHa BB Sk 9 0 2045

3.2 BRRER

o F RO RinHare 7 69 58 58 1. ARG — 48 5 N B
FEEBEBE T R AT LA D, RSB 4 R
fii N Qo) 855 0w B0 A SC = 4B B i 1 R 00 A N
(o) GE—BCE Ny nb. Ff H X NL B0 B BE 7S 23 Al I 5 ()
Pase [B5 (b o 1T A 70 kHz B f8 o A% 1 6 fr) 2
4. RineHart i 45 & A4 BT T 52 %0 T 35 (9 12 1% J7 1)

BB M www. jsjclykz. com



5 12 39 3

W, S BT A R B E B G Rl T R i

BT I < 175 -

SRS AIOLBEAT I . Lo TR B A 14 A D AE R SR AR AE
A0 S — b DURE 10 3 9 7 e A A4k . UERT T ek
o R T S5 24 43 A1 ol TR B T LA S B TR 90 5 R TR 9 1Y I8 T

A, HAREIRSIE KL F A, [RRER . J0 25 DA i R
TEMC T B B AT H . L A5 BIRE R A~ T .
) (](% p/s)
2.9 2
(a) B V\]%ﬁ%)ﬂﬁﬁﬁﬁﬂ’ﬁ

(b) B ABBRF RS
Fl5  70kHz B A 6235 B 9 1 EL45 2R

3.3 &REBER

B XA T AR SRR Al £ AR S BE 4 R R B B
Pror R A K s (AD) 3504 5 = 4k £8 IR i3 B 3 4 R
I A N

N(p = 20+ /12007 o )
A+ VI +p

RGN N (o) B AR A8 X LA A6 B 75 3 43 A5 a0
B 6 (a) Fiac. 6 (b) o THm A 70 kHz B F) 3R
MIRIG . BT %75 40 B 40 i, RineHart fff 1 45 & M
T 5 2 40 A S X A T U8 1 A% 4 ) S8R Sl A A AT R R
i 22 3 b T 375 B TS 9 7 R IR W R S, AE il T A 5 IS
A5 O 57 A — A X g 22 0 5 7S R A O oS R R, IR DAL AE
B DA B R, ERFIEPERENSS
U5 3ol B e A A AR 8l 75 e — 8, UEBH T AR LA

Y 55 2R 40 A T il T2 A5 T LA S B A0 ) R 1 F IR X015

I (103 m/s)
2.9 2

N

(a) s ﬂﬂﬁ%f“ﬁﬁ”ﬁﬁfﬁ
YT V)
,’;&.‘\ N 5 _\\ | Pa

3

,//1‘ -1

(b)%ﬂﬁﬁ%rﬂ}iﬁﬂﬁ
[# 6 70 kHz fo R 3 45 0 B 4%

4 BRBFRHZMERSH

T Bk RineHart il 17 325 55 8 B 2 %000 i ) 88 BUAE 72

JEoF b A T 2 6% 2 RE O R, AR S D R O A O R O
TR AR S HBOKEZME R Em, B 7 (. (b, (o)
ZEMIB 2500 6. 9. 12 288 ik £ WL 33 B8 10 B 75 o0 3
A0 43 B TG R B (=70 kHz B BTN
6. 9. 12 J2 11l T 35 BE AR I b R DAL RE AR . TR SR
), YEEMELUEG6 (0 AMESAE, 6 245H B
JKFA AT LS B MR AR . (HL T A R D R I R
S5H N (o) TSN BRI — R 25, A I I A
AT, 2R RO 22 0k T e R AN, R T U D R R G
TV, BN AMREEMCRBEL. Y EHRE 9
ZEPL R, SORMGERER RS, FHib, FigGa%IE 9
SRR BT T B A i A — R A B

Pa
V(103 n/s) 33}]5‘5(%@3\\\\ !
‘ )
W=
- E;Eg,é%%_l
(a) 62 IR BB H 45 R Pa
) O /s) i ||
g V(10° m/s) j\\)»\
. 1
s§¢~9ﬁg%2_l
(b) 92 fa R B 507 BLRR
_:I V(10 m/s)@n“@
2 9
(c) 12}2@5&1&%%5&&%—- o

P 7 B P A1 PG T o T B PR R TR

WAh s AR SCRERTT T A [F) 550 % 1 75 I 4E RineHart fff
B EWARBCR, TR T IERMN I . R DL AR B
B, AR SCERFE T N W59 3 1) e 75 ke fa ARGE R i 2w, T 8
(@), (b, (o) YW T AR ETE 9 BB E A3 55 5]
35 kHz, 70 kHz 1 105 kHz (75 J ALK B . 24 A S 75 %
FIBEAR T 23 kHz B, 75 9 I K AN 9 /) T 28 (8] R AiE R
SE JCER B W A E B 0 S AR, A SRR A 1Y
TN 23 kHz, AR PR T 115 kHz i, HE i
WA O, SR m AR 2. RIACRLT B
B AR MR SR OB R IS 0 R s A B AT T AT
292 118 kHz e 4y, W iE T H AR R S8 Fr k. R = 4
o6 B AT 5 48 7 2 3 B O T T LA R e R A b, AT LU
I R S R R LA R B R B T S R A BT
FIE Rk B .
5 H#RIE

g EFTIR . ARSCHEH T — i T R Y = 4E Rine-
hart i A %735 G0 .l f B3 R 40 5 AR & 1R
) R S ol TR P A B T O 3R S R R R O
EARMAER, TEAEHEEAE AN FEAIRBCR,
FAERARERE TN S, TEISARTRSE, B

BB M www. jsjclykz. com



« 176 -

AL i 5 4

529 &

\

Wil

(c) 105 kHz[jfaRFEHIE
8  Rinehart [ffy i3 52 76 A [R5 3 N 0907 245 R

WEEER. MIRBEENEE. WIr kAR T LE R T A
T i R B S BB R G AT S R B BT, A B A
ey g B L ] 3 X BE AR, LR AT PR nT R e i 2 2 fE R
h 2 DI RE P A i B B BT ) 2 S A TR R

S 30k :

[1] ZIGONEANU L, POPA B I, CUMMER S A. Threedimen-
sional broadband omnidirectional acoustic ground cloak [ J].
Nature Materials, 2014, 13 (4). 352 - 355.

[2] ZHANG S, XIA C G, NICHOLAS F. Broadband acoustic
cloak for ultrasound waves [ J].
2011, 106 (2). 024301.1-024301. 4.

[3] SANCHIS L. GARCIA—CHOCANO V M, LLOPIS— PON-

Physical Review Letters,

TIVEROS R, et al. Three — dimensional axisymmetric cloak
based on the cancellation of acoustic scattering from a sphere
[J]. Physical Review Letters, 2013, 110 (12): 124301.1
-124301. 5.

[4] HYUN J, KIM M, CHOI W. Partitioned gradientindex pho-
nonic crystals for full phase control [J]. Scientific Reports,
2020, 10 (1): 14630.1-14630.7.

[5] YUSY, WANG Q. ZHENG L Y, et al. Acoustic phase re-
construction near the Dirac point of a triangular phononic crystal
[JJ. Applied Physics Letters, 2015, 106 (15). 151906. 1 —
151906. 5.

[6] PhaEde, 7 k. & 5. 5. BTl as a) 25 4 (1 3 % 4 4t
HEREEE [ W, 2017, 66 (24). 145-153.
[7] HUANG S L., PENG L S, SUN H Y, et al. Frequency re-
sponse of an underwater acoustic focusing composite lens [J].

Applied Acoustics, 2020, 173. 107692.1-107692. 6.

[8] SUN H Y, WANG S, HUANG S L, et al. 3D focusing a-

coustic lens optimization method using multifactor and multilevel

orthogonal test designing theory [ J]. Applied Acoustics,

BB www.

2020, 170 107538.1-107538. 9.

[9] LT1Y., LIANG B, TAO X, et al. Acoustic focusing by coiling
up space [ J]. Applied Physics Letters, 2012, 101 (23):
233508.1-233508. 5.

[10] CHANG T M, DUPONT G, ENOCH S, et al. Enhanced
control of light and sound trajectories with three— dimensional
gradient index lenses [J]. New Journal of Physics, 2012,
14. 035011.1-035011. 29.

[11] PARK C M, KIM C H, PARK H T, et al. Acoustic gradi-
ent— index lens using orifice — type metamaterial unit cells
[J]. Applied Physics Letters, 2016, 108 (12). 124101.1 -
124101. 4.

[12] HYUN J, CHO W H, PARK C S, et al. Achromatic acous-
tic gradient — index phononic crystal lens for broadband focu-
sing [ J]. Applied Physics Letters, 2020, 116 (23);
234102.1-234102. 5.

[13] MARTIN T P, NAIFY CJ, SKERRITT E A, etal. Trans-
parent gradient — index lens for underwater sound based on
phase advance [J]. Physical Review Applied, 2015, 4 (3):
034003.1-034003. 8.

[14] ALLAM A, SABRA K, ERTURK A. 3D— printed gradient
—index phononic crystal lens for underwater acoustic wave fo-
cusing [ J ]. Physical Review Applied, 2020, 13 (6):
064064.1-064064. 7.

[15] YUAN B G, TIAN Y, CHENG Y, et al. An acoustic Max-
well's fish— eye lens based on gradient — index metamaterials
[J]. Chinese Physics B, 2016, 25 (10): 178 -181.

[16] HYUN J, PARK C S, CHANG J, et al. Gradient — index
phononic crystals for omni— directional acoustic wave focusing
and energy harvesting [ J]. Applied Physics Letters, 2020,
116 (23): 234101.1-234101. 5.

[17] WANG Z Y, ZHANG P, NIE X F, et al. Manipulating wa-
ter wave propagation via gradient index media [ J]. Scientific
Reports, 2015, 5 (1). 16846.1—-16846.9.

[18] MITCHELL — THOMAS R C, QUEVEDO — TERUEL O,
SAMBLES J R, et al. Omnidirectional surface wave cloak u-
sing an isotropic homogeneous dielectric coating [J]. Scientific
Reports, 2016, 6 (1): 30984.1-30984. 6.

[19] CAO T, WEI C W, CEN M ], et al. A reprogrammable
multifunctional chalcogenide guided — wave lens [ ] ].
Nanoscale, 2018, 10 (36): 17053 - 17059.

(200 X1 52, PhERE. RFH. % BT BB 10 1Y 58001
RN [T]. WHEYAAR, 2016, 65 (4): 174 -183.

[21] SARBOR M, TYC T. Spherical media and geodesic lenses in
geometrical optics [J]. Journal of Optics, 2012, 14 (7):
075705.1-075705. 11.

[22] BB, M ). BT A U Re 4 R 48 LA pL B R R
Bk L] HENLN & 5EH, 2015, 23 (5): 1532 -1534.

(23] BEE B, WHHME, & NI . 3T 0 v Re i
Foeiert [J1. WAL S 586, 2010, 18 (6): 1296 -
1297, 1306.

jsjclykz. com





