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Fig. 1. lllustration of a 2D acoustic carpet cloaking metas-
urface for reflected wavefront manipulation: (a) Flat sur-

face; (b) arbitrary curved surface.
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Fig. 2. (a) Schematic sketch of the metasurface for carpet cloaking, the illustration of arc-shaped carpet cloak, inset showing the

schematic diagram of the unit-cell for the carpet. The acoustic waves are incident from —z direction. The reflection phase of single

HR unit varing with w for acoustic waves normal incidence with different frequency: (b) 3430 Hz; (c¢) 6860 Hz. For different w, the

reflection phase of single HR unit varing with % (d) and varing with r (e) for acoustic waves normal incidence with frequence
6860 Hz. (f) The reflection phase of each HR unit in the designed AMCC (red curve) and that of theoretical calculation from

Eq. (5) (black curve) for acoustic waves normal incidence with frequence 6860 Hz.

S5, R BRI, R IR BT T 1 5E
JEEFNERE 5390 R w F b (R 35090 25 i 5 SR AR D 1)
ARy (B 2SR B HR ST, AniEl 2(a)
WEIR. AREBEICHE I, i KEEN L =
6 mm. Wi IR IE w, b F o B S BE ] il
FEOMTEAR N BATT A B R AR BUL , FETIAS R BT
XF I BYAHES A = 2koz1 . B AMCC 2 35 X3 3%
[y =)

z(z) = VR? — 22 — Rcos 25°, (4)
P —Rsin25° < x < Rsin25° , BEEINEYIAR R
N R =361.7 mm . KHACA (3) X ATHH% AMCC
Jof B AR AR A MR

=1 — 2k (\/R2 —z2 - R00525°) , koz%n.
(5)
kbt (4) TR R B S, T
HEST T RS ARS S AR SR B e R —
AR BATT ] SR — R M = pole/w FIHE
250 C = hL/(poco®) WIERIRHL I, T2 AH N LR

WiEN f=1/2n/1/MC, Hf 1, =1+ Al HR
WA AEMEKE, SIHEE RN lmm, Al=
0.1108 mm AEIE K . 25 5 & nl g K F
SR GERE, IS F AN B HR S TEIE, Al~
(1.5 + B)w, B = (h/w)/22 . BATCEFHINERAS s B
PP Z = i(wM - 1/w0), w=_2rf, N3t

fie o TCR R AR o = 2~ 0OL gy
+ poco/ L
FRE, #S7 T AR Y COMSOL MULTIPHYSICS
A BRITH R P ATIE, TH5 T S R LRI AR
] HR HEHRIESITE w, SR b FREAE r B (WL 2(a)
HIED), BRSBTS S AR AR . R A
FISEAR 2 R, BUSTHARZE R (R IR AT RE) 5 3644 Y
BHATAH 22 B K, BT LA B A I A R R W . 15
ST r BURTRME T, JL4R s 850 S 56 A A Bt
w B AEAE I, AR ERLER 2(b), () . X
R AR RE by 1.11 mm, 4R 45 R Ul
h 3430 Hz([& 2(b)) H1 6860 Hz (I8 2(c)). AHAL
LTS3 VR AR B — s A SR A SO A5 (A S

064301-3


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. 73, No. 6 (2024) 064301

BI45 1 800 mm Ak 1 — s LI ), 2 BT
2 7 I A ST, DSOS F 773 vh 3RAS UL S5 Ak 1Y
ANEVFHOIAE. X PR BE, i TR s oo e i 48
N (EEK D 6 mm), FEARITIE N 3430 Hz A
A M ZRAS AU ST 22, w 28 Ak fe % AR 37 BRE -
U1 AR SR, 2 SR SRR AR,
T 3532 W) BT 9 0 T X B R X S iR 451 %y
6860 Hz B, HLITZEA A0 T B M w EfE A5
JRREEREAR, BRI bt ] e B T 2 4%
4, BV 2n Y IR AR 7 55 X SR R S5 F PROT
b FAEA AL IR (3430 Hz), JEAR 52385, AT
AR I SR LT w /AR, 2 PR A 5,
A AR, RGEAS . AT AT R (R A 5 A M
AR BORE 23 LU, A AT TARSR A it
oK. PR EIR I 14 58 36 TARMIR %L 6860 Hz.
R T k25 A IR i S v B R 2 AR X A A AR
PERBUBAR B, THE T SOFARGI R BE A AN - AR 4K
B, 25 R BERTER 2(d), (e). X TRl 2(d),
XA [R] 1) 350 5 BEOAS [ ) 2P AR 0B, SR ANF : w =
0.5mm, r=1.5mm; w=2mm, r=1mm; w=
dmm, r=15mm; w=4mm, r=2mm; w =
5mm, r = 2.5 mm. I 7E K 2(e) 1, # SR BUH
hoh 111 mm. XF A 2(c)—(e) ZP, HT45H R
i, B B A AEX T H w R, AR LA
U AR, AN REAR G R A I R AR X 0 ) BT
5K, TR T X R ESITE w S TS

R TR SR, T L A IR o
s T AMCC, HARHI0H 52 A4, LR ITH
R h oA 111 mm, F5E w Ff2EAR r S50
B L HTRSFERMFRE, X B H R
Horp—2 H R TS TR T I A G #
A~ IR oo H R B AR AL (LR 2(f) 2 tah
28, 3 HASHI IR Hy 6860 Hz. VE AR HLIRR T
AR (5) BEUSTHEAS B ARA th £ (1 2(f) 2B
k). FTLUE S|, X T EASEE0UE AMCC L,
T g iR s S s S A A5 31 T ARG A M T
PREE T B 58 26— 2L, RR HAT IXE AMCC
IR T R AT B &

N T it R H R B AR, >k COMSOL
A A T SR Ry 5850, 6850, 7550 Hz
Y75 G RIS T (TCREARY)), #RER IO H)
R R AMCC WK SO s R 5040, 45
JERTERE 3(a) Hr. ARz a3 ELAGY, JIEHB

BEE AR S, Hoph LA A B e SE LY
2 (PML), PA/DHECS. ME 3(a) ATLAFEF], 24—
G- T A S B2 M A s, S S AR AR A T
W YRR R — B RS
PR IR 18 S, B S 75 3 7 A s B I B 5.
MR R T B S, B T AR RO, S
P RS UK S 30 s S HE b T 5 0L, TIE S T
JITIRE T 118 8 2 T T LA S 4 A S B S A o
SR HR S TAESR 0] LI 5850—7550 Hz A%
fb. R T2 Rz R g S TAE S, 11
TARFEIIRAS BT Z = 800 mm 4 AMCC Ay
SFPRE A — A6 R SR I A B AR L. 8] 3(b), (c) J&
R T NS E S 5850, 7550 Hz i 52 5 i (1%
B, BE 25 5L 0 R PR 5 0k AR 7 AR AR AR D
It ELAT LA A P4 2 X T 3 IR i B B i R 5
MRS, RS2 1 TAE SR RE S B BB,
M2 B T HBs B =} 3 TAREM 56 7E 5850—7550 Hz
Z[A].
F 1 BEEGA SR TEHE v BIER r SRR

Table 1. Parameter list of neck width w and radii

r of resonant unit in the cloak.

e w/mm r/mm Fe w/mm r/mm
1 2.920 1.5 14 0.380 2.4
2 4.455 2.4 15 0.426 2.4
3 4.457 2.4 16 0.472 2.4
4 4.458 2.4 17 0.520 2.4
5 4.459 2.4 18 0.531 2.4
6 4.461 2.4 19 0.621 2.4
7 4.462 2.4 20 0.685 2.4
8 0.060 2.4 21 0.755 2.4
9 0.119 2.4 22 0.852 2.4
10 0.177 2.4 23 0.980 2.4
11 0.233 2.4 24 1.234 2.4
12 0.286 2.4 25 1.574 2.4
13 0.377 2.4 26 3.749 2.4
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Fig. 3. (a) Reflected pressure field distributions for a plane wave impinging on the flat ground, the arc-shaped object and the arc-

shaped cloak; the normalized reflection amplitudes (b) and reflected wavefront phases (c) which located at Z = 800 mm for the in-

cident frequency 5850 Hz and 7550 Hz.
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Fig. 4. When the incident angles are 10° and 30°, the reflected pressure field distributions for a plane wave impinging on the flat

ground, the arc-shaped object and the arc-shaped cloak.
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Fig. 5. The CSI of reflected acoustic waves for flat ground,

carpet cloak, and arc-shaped object.
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Abstract

With the development of metamaterials, the acoustic cloaking has attracted extensive attention due to its
novel physics and potential applications. In recent years, based on the phase compensation modulation from
Generalized Snell’s law and coordinate transformation, the acoustic cloakings in underwater and air have been
widely and deeply studied. However, there is still an urgent need to design acoustic cloaks that are thinner and
less affected by the incident angle of acoustic waves. Further, the designed cloaks should have a wider operating
band and be more suitable for irregular objects.

In this paper, an ultrathin curved acoustic metasurface carpet cloaking is studied by using of phase
compensation modulation. The phase modulation is based on Helmholtz resonance (HR). The metasurface
carpet is immersed in air, since the vibration mode of acoustic wave in the air is relatively single, thus the
physical essence can be elucidated more clearly. The carpet cloak is composed of 52 Helmholtz resonant units,
and the size of resonant unit is less than 0.2 of working wavelength.

The phase change of HR unit is solved analytically by using the Generalized Snell’s law, and confirmed by
the Multiphysics COMSOL software. The parameter effects of HR unit on the phase change are studied,
demonstrating that the phase change of HR unit is sensitive to the change of height and radius of HR unit,
while the change of width of HR cavity neck can make the phase of HR unit change smoothly. Therefore, when
building 52 HR units, the width of the HR cavity neck is designed, and the height and radius of HR unit stay
fixed.

The simulating results demonstrate that the designed cloak works well in a frequency range from 5850 Hz
to 7550 Hz. Also, we study the cloaking effect for oblique incidence, and the results show that the carpet cloak
works well for incident angle less than 30°. To quantitatively analyze the bandwidth of the cloaking, we
calculate the cosine similarity value. It elucidates that the value of the cloak is very close to that of the flat
ground in a corresponding working frequency range. The cloak designed in this work is made of ultrathin

Helmholtz Resonant structures. This cloak is simple and easy to realize and conducive to potential applications.
Keywords: acousitc metasurface, generalized Snell’s law, ultra-thin structure, carpet cloak
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