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Ventilated metasurface absorber constructed by synthesized acoustic multipoles
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Acoustic metasurfaces have paved the way for the ongoing development of compact sound-absorbing
devices that possess excellent ventilation capabilities. However, existing absorption mechanisms primarily
focus on plane-wave fronts while neglecting omnidirectionally radiated cylindrical waves. In this study,
drawing inspiration from wave-interference theory, we propose an approach to absorb cylindrical sound
waves by combining artificially decorated passive monopoles and dipoles, which are synthesized by a
coiled space resonator and a double-channel resonator, respectively. To demonstrate the effectiveness of
our approach, we construct an ultrasparse annular metasurface absorber with an air-channel-area ratio of
46% and a deep-subwavelength thickness. Remarkably, this absorber achieves an absorption performance
of 96% (91% in the experiment) for omnidirectionally radiated cylindrical sound waves. This achieve-
ment is realized by utilizing a circular array composed of 36 metamolecules arranged in a ringlike grating
structure, with each metamolecule supporting synthesized multipoles. The near-unity absorption is accom-
plished through destructive interference between the composite monopole and dipole, characterized using
a one-dimensional impedance tube. This high-efficiency absorption, combined with excellent ventilation
and compactness, introduces alternative possibilities for designing functional sound-absorbing devices
that can handle low-frequency sound waves with complex wave fronts.

DOI: 10.1103/PhysRevApplied.21.064043

I. INTRODUCTION

Manipulating highly efficient or even perfect wave
absorption with low-profile devices has garnered signif-
icant interest in recent years across various branches
of wave physics [1–3]. In acoustics, resonant mecha-
nisms, such as spring-mass oscillation, quarter-wavelength
resonance, and Mie resonance, have been proposed
for the development of absorbing meta-atoms, includ-
ing Helmholtz resonators [4–9], microperforated plates
[10–12], Fabry-Perot resonators [13–16], membrane res-
onators [17–20], and Mie resonators [21–23]. These meta-
atoms are capable of highly localizing sound energy dur-
ing intense resonance, surpassing the limitations imposed
by linear response theory, which governs conventional
bulky porous materials. Thus, sound-absorbing devices
based on metamaterials or metasurfaces exhibit superior
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performance, particularly in the consumption of low-
frequency sound [3]. Additionally, the operating frequency
can be tailored by adjusting the geometry of meta-atoms,
and broadband absorbers can be achieved by coupling
multiple meta-atoms with discrete resonant frequencies
[14,15,24–30]. Furthermore, metasurfaces have been
employed in the construction of absorbers in two-port open
systems, showcasing not only highly efficient absorption
but also air-ventilation and heat-dissipation capabilities
[31–43]. However, most of these absorbers utilize a lossy
meta-atom and an effective boundary connected in a cas-
cading manner [31–34,36], which only considers the sup-
pression of normally or obliquely impinged plane waves
at specific angles and does not encompass omnidirection-
ally radiated cylinder sound. This restricts the potential
applications of these absorbing devices.

In this study, a paradigm is proposed to realize an annu-
lus metasurface absorber (AMA) that can absorb sound
enclosed within a ringlike grating structure, based on
the Jessel-Mangiante-Canevet (JMC) theory. The JMC
theory is deduced from Huygens’ principle and the
Kirchhoff diffraction theory [44]. According to this theory,
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by introducing continuously distributed secondary tripole
(monopole and dipole) sources on the surface of the
enclosure, the radiation of cylindrical sound can be sup-
pressed through destructive interference. This concept is
fundamental in the field of active noise control [45,46].
However, such processes cannot truly attenuate sound
energy, not to mention the need for continuously providing
additional electric energy.

In contrast, our study builds upon the JMC theory
and presents an alternative approach for creating a venti-
lated AMA. This absorber combines discretely distributed
passive monopoles and dipoles, which are of identical
resonant frequency and generate out-of-phase reradiated
sound. Consequently, both reflected and transmitted waves
are effectively suppressed, leading to dissipation of sound
energy within the resonant metamolecule framework. For
the monopole component, we employ a coiled space res-
onator (CSR), while the dipole component is realized using
a double-channel Mie resonator (DMR). To character-
ize these components in a one-dimensional system, we
extract the effective acoustical parameters. By coupling the
CSR and DMR, we achieve a metasurface absorber (MA)
that demonstrates 98% absorption in simulations (95% in
experiments) for a plane-sound wave at 724 Hz. We then
utilize these MA metamolecules to construct an ultrasparse
annulus metasurface absorber. Our AMA achieves 96%
absorption in simulations (91% in experiments) for omni-
directionally radiated cylindrical sound, despite having an
area ratio of the air channel as high as 46%. Additionally,
our design leads to an approximately 15-dB reduction in
sound-pressure level (SPL) compared to that observed in
free space.

II. MODEL OF ANNULUS METASURFACE
ABSORBER

The JMC theory has demonstrated that the hybridiza-
tion of monopole and dipole sources can result in zero
backward reradiation. In our approach, instead of attempt-
ing the impractical task of continuously distributing active
sources on the enclosed surface, we construct the AMA
using discrete passive resonant monopoles and dipoles, as
illustrated in Figs. 1(a) and 1(b). Figure 1(a) presents a
three-dimensional (3D) stereogram of the proposed AMA,
while Fig. 1(b) provides a two-dimensional (2D) top view.
The inner radius (R1) and outer radius (R2) of the AMA
are set at 0.47 and 0.53 m, respectively. To absorb sound
emitted from the line source at its center, it is neces-
sary to cancel out both reflected and transmitted waves,
as depicted in Fig. 1(b). The wave equation in cylindrical
coordinates, in the 2D scene, can be formulated as ∇2p =
(1/r)(∂/∂r) (ρ(∂p/∂r)) + (1/r2)(∂2p/∂ϕ2). The general
solution of this wave equation can be expressed as
p (r, ϕ) = ∑

n
∑

m

[
XnH (1)

n (k0r) + YnH (2)
n (k0r)

] (
Am cos

mϕ + Bm sin mϕ
)
. Here, the time harmonics have been

Monopole

Source

Dipole

pi

pt

pr

pipi

pi

prpr

pr

pt

pt

pt

R1

R2

r3

r1

r2

(a) (b)

FIG. 1. (a) 3D stereogram and (b) 2D top view of the AMA
with a line sound source placed at its center. R1 and R2 rep-
resent the physical inner and outer radii of the AMA structure,
respectively. r1, r2, and r3 denote the radii of artificially defined
cylindrical surfaces for obtaining the scattering spectra of the
AMA.

omitted. H (1)

0 and H (2)

0 represent the zero-order Hankel
functions of the first kind (converging waves) and second
kind (diverging waves), respectively. k0 = ω/c0 represents
the wave number, while ω denotes the angular frequency
and c0 denotes the sound velocity in air. Given the polar
symmetry inherent in our scenario and the approximation
of the AMA as a uniform layer, we set m = 0 and n = 0.
To obtain the scattering spectra of the AMA, it is neces-
sary to acquire sound pressure on three artificially defined
cylindrical surfaces [circles denoted by dashed lines in
Fig. 1(b)] with radii of r1, r2, and r3 (r1 < r2 < R1 and
r3 > R2). Following the rigorous scattering theory, sound
pressure within the AMA structure, encompassing both
reflected and incident waves (characterized by the first and
second types of Hankel functions), can be formulated as
[47]

p1 = X1H (1)

0 (k0r1) + Y1H (2)

0 (k0r1), (1a)

p2 = X1H (1)

0 (k0r2) + Y1H (2)

0 (k0r2), (1b)

where the coefficients X1 and Y1 represent the backward
and forward waves, respectively. On the other hand, sound
pressure outside the AMA structure, due to the infinite
external space, only considers the transmitted wave radi-
ating outward, as expressed by

p3 = Y2H (2)

0 (k0r3). (2)

Note that p1, p2, and p3 denote sound pressure on cylin-
drical surfaces with radii r1, r2, and r3, respectively, which
can be retrieved through simulation.
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By solving Eqs. (1) and (2), one can obtain the coeffi-
cients X1, Y1, and Y2:

X1 = H (2)

0 (k0r2)p1 − H (2)

0 (k0r1)p2

H (1)

0 (k0r1)H
(2)

0 (k0r2) − H (2)

0 (k0r1)H
(1)

0 (k0r2)
, (3a)

Y1 = H (1)

0 (k0r1)p2 − H (1)

0 (k0r2)p1

H (1)

0 (k0r1)H
(2)

0 (k0r2) − H (2)

0 (k0r1)H
(1)

0 (k0r2)
, (3b)

Y2 = p3

H (2)

0 (k0r3)
. (3c)

Thus, the reflection and transmission coefficients of sound
pressure can be determined:

rp = X1

Y1
= p1H (2)

0 (k0r2) − p2H (2)

0 (k0r1)

p2H (1)

0 (k0r1) − p1H (1)

0 (k0r2)
,

tp = Y2

Y1

=
p3

[
H (1)

0 (k0r1)H
(2)

0 (k0r2) − H (2)

0 (k0r1)H
(1)

0 (k0r2)
]

H (2)

0 (k0r3)
[
p2H (1)

0 (k0r1) − p1H (1)

0 (k0r2)
] .

(4)

The variables p1, p2, and p3 represent sound pressure on
cylindrical surfaces with respective radii of r1, r2, and r3.
By retrieving and substituting p1, p2, and p3 into Eq. (4),
we can derive the reflectance (R = ∣

∣rp
∣
∣2), transmittance

(T = ∣
∣tp

∣
∣2), and absorptance (A = 1 − R − T) of sound

energy (see Appendix A for a detailed deduction).

III. RESULTS AND DISCUSSION

A. MA for dissipating plane wave

To explore the absorption mechanism of the AMA, we
first analyze the acoustical performances of the composed
meta-atoms in Figs. 2(a) and 2(b), as well as the synthe-
sized metamolecule in Fig. 2(c), within a one-dimensional
MA setting. The relevant geometrical features are indi-
cated in the figures. Specifically, W1 and W2 denote the
outer widths in the y direction of the CSR and DMR,
respectively. Correspondingly, w1 and w2 represent the
respective channel widths, while t represents the thickness
of the walls. Therefore, we can compute l1 = (L − w1)/2
and l2 = (W2 − w2)/2. Notably, the reflected sound waves
generated by monopolar CSR meta-atoms (dipolar DMR
meta-atoms) exhibit an antiphase (in-phase) relationship
with the incident sound wave, as shown in Fig. 2(a) [Fig.
2(b)]. Consequently, the interaction of the reflected sound
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FIG. 2. Schematic diagrams of the metasurface comprising (a)
monopolar meta-atoms, (b) dipolar meta-atoms, and (c) synthe-
sized multipolar metamolecules, arranged in a sparsely populated
array with ventilation channels. Insets, 2D cross sections of the
physical structures for each corresponding element. (d) Scat-
tered sound fields corresponding to CSR and DMR meta-atoms
at 724 Hz.

waves from the synthesized multipolar metamolecules pro-
duces destructive interference, leading to minimal reflec-
tion. This effect is similarly observed with transmitted
waves due to the mirror symmetry of monopoles and
antimirror symmetry of dipoles, as illustrated in Fig. 2(c).
Additionally, we present the scattered sound fields of CSR
(upper panel) and DMR (lower panel) in Fig. 2(d). It is
observed that the reflected and transmitted sound waves
for CSR and DMR are approximately 180◦ out of phase
with each other, which is consistent with the theoreti-
cal analysis. Consequently, the bidirectional quasiperfect
absorption arises from the combination of low reflection
and transmission.

As a demonstration, we have designed a MA device
operating at 724 Hz. Figures 3(a) and 3(b) present the
simulated reflectance (black dashed curve), transmittance
(blue dashed-dotted curve), and absorptance (red solid
curve) of standalone CSR and DMR meta-atoms, respec-
tively. Notably, losses in the metasurfaces originate from
thermal viscous dissipation due to friction between air
particles and the solid framework. To characterize this
dissipation effect, complex constitutive parameters, includ-
ing mass density and the bulk modulus with imaginary
parts representing thermal viscous losses, are incorpo-
rated following the Stinson model [48]. In the simulation,
we initially determine the values of effective mass den-
sity and bulk modulus at specific frequencies, which are
then expressed as an interpolated function of frequency
in COMSOL Multiphysics. Consequently, channels with
varying widths at different frequencies can be adequately

064043-3



CHEN LIU et al. PHYS. REV. APPLIED 21, 064043 (2024)

650 700 750 800
–20

–10

0

10

20

srete
mara

p
e

vitceff
E

1/κe

ρe

Frequency (Hz) Frequency (Hz)
650 700 750 800

–2

0

2

4

6srete
mara

p
e

vitceff
E

1/κe

ρe

CSR DMR

Z
ef

f/
Z

0

Im(Zeff)

Z
ef

f/
Z

0

Re(1/κeff)

Re(ρeff)

Re(Zeff)

Im(Zeff)

Re(Zeff)

(a) (b)

(c) (d)

(e) (f)

Re(1/κeff)

Re(ρeff)

FIG. 3. Simulated acoustic spectra: reflectance R, transmit-
tance T, and absorptance A of (a) the CSR and (b) DMR.
(c),(d) Corresponding real part of the normalized effective mass
density and compression modulus. (e),(f) Normalized effective
impedances.

accounted for. The waveguide has a width of 0.09 m, and
the other geometrical parameters are listed in Table I. It
is observed that both CSR and DMR exhibit transmission
dips at 724 Hz, indicating the occurrence of resonances.
However, the resonant mechanisms differ between CSR
and DMR. To clarify this, we retrieved the real part of the
normalized effective mass density, ρeff, and compression
modulus, 1/κeff, of CSR and DMR [49], as shown in Figs.
3(c) and 3(d), respectively. The results reveal that CSR
and DMR exhibit negative 1/κeff and ρeff at resonance,
suggesting monopole and dipole resonant modes, respec-
tively. To gain a deeper insight, we also investigate the
sound impedance, Zeff, of CSR and DMR, which are almost
purely real at 724 Hz, with values of 0.364 − 0.0042j and
3.496 + 0.032j , respectively, as shown in Figs. 3(e) and
3(f). Thus, CSR behaves acoustically as a soft boundary,
while DMR behaves as a hard wall.

TABLE I. Geometric parameters of CSR and DMR (units,
mm).

W1 W2 w1 w2 t L

10.1 40.3 2.4 3.6 1 60.8

We proceed to characterize the acoustical performance
of the assembled absorptive system, as depicted in
Fig. 2(c). Figure 4(a) presents the acoustic spectra of
the MA device, where lines and symbols correspond to
the numerical and experimental results, respectively. We
conducted the experimental measurements using the stan-
dard ASTM E2611-09 [50], employing an impedance tube
made of Plexiglass (see Appendix C). The absorber speci-
men was manufactured using 3D-printing technology with
epoxy resin [with a mass density of ρe = 1050 kg/m3

and a sound velocity of ce = 2200 m/s; see inset in Fig.
4(b)]. It is observed that both the reflectance and trans-
mittance of the MA device at 724 Hz are near zero,
resulting in quasiperfect absorption (98% in the simu-
lation and 95% in the experiment). Here, the necessity
of dipole and monopole characteristics for near-perfect
absorption is discussed (see Appendix D). The scattering
phenomena of monopoles and dipoles can be decomposed
into symmetric and antisymmetric reflection problems
[38]. Consequently, achieving perfect absorption entails
the degenerate monopoles and dipoles in a critical cou-
pled state displaying maximum absorption of 0.5 under
one-sided illumination, consistent with conditions derived
from coupled-mode theory [51]. The surface impedance
of the MA device was calculated, as shown in Fig. 4(b).
The results demonstrate that the surface impedance at
724 Hz, obtained from finite-element method simulations
(experimental measurements), is 1.005 − 0.009j (1.011 −
0.044j ), which excellently matches the impedance of the
air medium. The differences between the experimental and
numerical results may arise from the constrained thickness
(10 mm) of the impedance tube preventing the simulation
of a rigid boundary; the restricted manufacturing precision
(1 mm) of the specimens; and the finite length (0.8 m) of
the absorbing materials, which hinders the replication of a
perfectly matched layer utilized in numerical simulations.
Additionally, while our primary focus has been on airborne
sound applications, this concept also offers the potential
for the implementation of absorption in a broader range
of systems and frequencies, including those in underwater
environments (see Appendix E).

To visually demonstrate the acoustic characteristics, we
present the distribution of the absolute sound pressure at
724 Hz in Fig. 4(c) (upper panel). In the simulation, a plane
sound wave radiates from the left port. It can be observed
that the sound energy is highly concentrated in the compos-
ite CSR and DMR element. Furthermore, it is evident that
the CSR excites a monopolar resonance, while the DMR
induces a dipolar resonance. Due to intense resonances, a
significant amount of sound energy is dissipated within the
composite resonators, as shown by the power-dissipation
density given by QPW = −2|I|Im(k), where |I| denotes
sound intensity and k is the wave number [middle panel
of Fig. 4(c)]. Consequently, the MA device exhibits a low
reflectance and low transmittance, which is confirmed by
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FIG. 4. (a) Acoustical scattering spectra and (b) normalized
surface impedances of the MA. Lines and symbols represent
numerical and experimental results, respectively. (c) Distribution
of the absolute sound pressure (top panel), power dissipation den-
sity (middle panel), and profile of absolute sound pressure along
the white dashed line (bottom panel) at 724 Hz.

the distribution of absolute sound pressure along the bot-
tom line of the waveguide [lower panel of Fig. 4(c)]. The
upstream region demonstrates a near-unity amplitude dis-
tribution of sound pressure, while the downstream region
shows a near-zero amplitude distribution. Thus, the MA
device achieves quasiperfect absorption for plane waves.

B. Annulus metamaterial absorber

It is elucidated that radiation suppression can be
achieved through the coupling of active monopoles and
dipoles, a theory that has been utilized in the construction
of an active annulus sound absorber [44]. Based on the pro-
posed methodology, we have developed a passive AMA
by arranging 36 predetermined metamolecules in a ringlike
grating pattern, as depicted in Fig. 1. Each metamolecule
occupies a sector of 10◦ in the azimuthal direction, with
an air channel of 4.6◦ between adjacent metamolecules.
Consequently, the area ratio of the air channel is 46%.
To measure the acoustic spectra of the AMA, we con-
figured an experimental setup as shown in Fig. 5(a). The
AMA specimens were placed inside a waveguide formed
by two parallel circular plates (with a thickness of 0.01
m and a diameter of 2.4 m) made of acrylic materials.
A loudspeaker connected to a 3D-printed horn-shaped
pipe was used to simulate a cylindrical sound source, and
cone-shaped sound-porous materials were placed at the
waveguide’s end to simulate an anechoic boundary. Sound
pressures were measured at three radial positions (0.2, 0.3,
and 0.7 m) to obtain the acoustic scattering spectra. To
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FIG. 5. (a) Experimental setup of the AMA composed of
36 MA metamolecules. (b) Scattering spectra of the AMA.
Lines and symbols represent numerical and experimental results,
respectively. (c) Distributions of the absolute sound pressure in
systems with (upper panel) and without the AMA (lower panel).
(d) Simulated (solid line) and measured (symbols) SPL along a
radial axis. Dashed line represents the SPL distribution in free
space for comparison.

reduce experimental error, sound pressure was recorded at
intervals of π /9 in the azimuthal direction and averaged.
Scattering coefficients were then calculated by substituting
the retrieved sound pressures into Eq. (4).

Figure 5(b) presents the acoustical spectra of the AMA,
with the simulated and measured results shown as lines
and open symbols, respectively. The simulation (experi-
ment) reveals near-zero reflectance and transmittance at
724 Hz (722 Hz), resulting in highly efficient absorption
of 96% (91%). For better visualization, Fig. 5(c) illus-
trates the absolute sound-pressure distribution both with
(upper panel) and without (lower panel) the AMA. The
figures clearly show that the AMA blocks sound pres-
sure, indicating negligible transmission, while the sound
pressure inside the AMA remains similar to the sound
pressure in free space without the AMA, implying min-
imal reflection. To further quantify this, Fig. 5(d) dis-
plays the profiles of sound-pressure level (SPL) along the
radius [the white dashed line in Fig. 5(c)]. The results
demonstrate that the SPL at 724 Hz significantly atten-
uates when passing through the AMA, resulting in a
decrease of approximately 15 dB compared to free space.
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Additionally, the similarity between SPL with and with-
out the AMA in the region r < R1 suggests minimal
reflection of sound. Furthermore, a 3D meta-absorber,
utilizing MAs on all six faces, has been constructed
(see Appendix F). Research findings indicate that sound-
insulation levels of 16 and 12 dB can be achieved
along directions normal and parallel to the line source,
respectively. It is worth noting that the efficient venti-
lated sound-absorbing performance mentioned above is
achieved by an AMA with a thickness of R2 − R1 = 0.06
m, which corresponds to the subwavelength scale. In our
experiments, we have incorporated 10-mm-thick acrylic
plates to minimize pressure leakage and ensure adequate
sound isolation. Additionally, we have added 1-mm-deep
grooves, shaped similarly to AMA metamolecules, on
the upper and lower acrylic plates. This design facili-
tates the seamless embedding of sandwiched AMA sam-
ples, reducing joints between the acrylic boards and
the AMA structures along the transmission waveguides.
Despite these measures, some level of leakage is inevitable
and may impact the measured results. For instance, the
leaked sound energy, especially at nonresonant frequen-
cies, can be mistakenly perceived as additional absorption,
leading to broadened absorption peaks in the measured
results.

Finally, we conducted an investigation into the absorp-
tion characteristics of the AMA with varying inner radii
R1. Figure 6(a) illustrates the absorptance at 724 Hz, where
R1 ranges from 0.32 to 0.62 m in increments of 0.03 m (fill-
ing ratios of the ventilated channel are 16%, 23%, 29%,
34%, 40%, 46%, 52%, 58%, 64%, 70%, and 76%). It is
noteworthy that the absorptance reaches its peak at R1 =
0.47 m and remains consistently high across the observed
range of R1, with over 82% absorption achieved. More-
over, the absorptance of the AMA is also investigated
with different numbers of MA metamolecules, as shown
in Fig. 6(b). The results indicate that the absorptance
varies from 21% to 96% as the number of metamolecules
increases from 3 to 46; it tends to stabilize once the number
surpasses 36. Importantly, the absorptance exhibits robust-
ness to changes in the number of metamolecules, as an
AMA composed of 24 metamolecules still achieves an
absorptance of over 80%. Note that variations in the ring
radius or the number of metamolecules lead to changes
in the filling ratio of the ventilated channel, significantly
impacting the coupling intensity between the CSR and
DMR. Near-unity absorptive peaks are achieved when
nearly critical coupling conditions are met. Additionally,
we examined the scattering coefficients of four absorbers
with nearly identical filling ratios of the ventilated channel
(see Appendix G). It is observed that, with similar fill-
ing ratios of the ventilated channel, the absorptive peak
increases with the ring radius because the incident cylin-
drical wave tends to behave more like a plane wave in an
AMA with a larger R1. Therefore, the absorption peak of
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FIG. 6. Absorptance of the AMA at 724 Hz with variations in
(a) inner radius R1 and (b) number of metamolecules.

an AMA with a larger R1 is closer to that of the MA. Fur-
thermore, it is confirmed that the operating frequency is
minimally affected by the ring radius and the number of
molecules.

IV. CONCLUSION

This work presents an approach for dissipating omni-
directionally radiated sound through the coupling of dis-
cretely distributed passive monopoles and dipoles, result-
ing in out-of-phase reflections and transmissions. To
demonstrate the feasibility of this approach, we con-
structed an ultrasparse AMA with an air-channel-area ratio
of 46%. By circularly arraying metamolecules consist-
ing of a CSR and DMR, the AMA achieves near-unity
absorption, with simulation and experimental results show-
ing absorption rates of 96% and 91%, respectively, for
cylindrical sound. This near-unity absorption is a result of
destructive interference between the passive monopole and
dipole components. The high-efficiency absorption and
exceptional ventilation characteristics of the AMA ren-
der it a promising solution for various applications that
demand low-frequency sound cancellation in subwave-
length thicknesses.
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APPENDIX A: 2D CYLINDRICAL WAVE
SOUND-ABSORPTION THEORY

To calculate the scattering spectra for sound energy, it is
necessary to characterize the sound intensity. According to
the relationship v = −(1/j ωρ0)∇p , the particle velocities
for the incident, reflected (at R1), and transmitted (at R2)
sound waves can be expressed as

vi = − Y1

jZ0

[
H

′(2)

0 (k0R1)
]

, (A1a)
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vr = − X1

jZ0

[
H

′(1)

0 (k0R1)
]

, (A1b)

vt = − Y2

jZ0

[
H

′(2)

0 (k0R2)
]

. (A1c)

By substituting Eqs. (4) and (A1) into the equation I =
1
2 Re {pv∗}, we can derive the sound intensities for the
incident, reflected, and transmitted waves:

Ii = Y2
1

2Z0

{
J0(k0R1)N

′
0(k0R1) − N0(k0R1)J

′
0(k0R1)

}
,

(A2a)

Ir = X 2
1

2Z0

{
N0(k0R1)J

′
0(k0R1) − J0(k0R1)N

′
0(k0R1)

}
,

(A2b)

It = Y2
2

2Z0

{
J0(k0R2)N

′
0(k0R2) − N0(k0R2)J

′
0(k0R2)

}
,

(A2c)

where J0(k0r) and N0(k0r) are the zero-order Bessel and
Neumann functions, respectively, which satisfy the rela-
tionships H (1)

0 (k0r) = J0(k0r) + jN0(k0r) and H (2)

0 (k0r) =
J0(k0r) − jN0(k0r). The scattering coefficients for sound
energy can be obtained through some algebraic manipu-
lation, given by

R = IrS1

IiS1
=

∣
∣
∣
∣
X 2

1

Y2
1

∣
∣
∣
∣ = ∣

∣rp
∣
∣2 , (A3a)
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∣tp
∣
∣2 . (A3b)

The absorption coefficient is obtained by A = 1 − R − T.
In experiments, three radial positions (p1, p2, and p3)

are selected for data acquisition. To minimize experimen-
tal error, sound pressure is measured at various azimuthal
positions and averaged. By substituting the recorded sound
pressures into Eqs. (1)–(A3), experimental spectra can
be obtained. These spectra are represented by the open
symbols in Fig. 5(b).

APPENDIX B: EFFECT OF VISCOTHERMAL
LOSS

To analyze the viscothermal effects on sound-wave
propagation in a narrow channel, we introduce the concept
of complex effective mass density and bulk modulus using
the Stinson model [48]. The effective mass density, ρeff,
and compressibility, Ceff, are defined as

ρeff = ρ0
νa2b2

64j ω

{ ∞∑

m=0

∞∑

n=0

[

α2
mβ2

n (α2
m + β2

n + j ω
ν

)

]−1
}−1

,
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FIG. 7. Photograph of the experimental measurement setup.

Ceff = 1
P0

{

1 − 64j ω(γ − 1)

ν ′a2b2
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m=0

∞∑

n=0

[
α2

mβ2
n (α2
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n

+ j γω

ν ′ )

]−1
}

. (B2)

In these equations, we define the constants αm = (2m +
1)π/a2 and βn = (2n + 1)π/b2, where a and b rep-
resent the side widths of a rectangular channel. The
variables ν = μ/ρ0 and ν ′ = κ/ρ0Cv are defined with
respect to air properties, specifically the air density (ρ0 =
1.21 kg/m3), dynamic viscosity (μ = 1.814 × 10−5 Pa s),
thermal conductivity (κ = 2.624 × 10−2 W/(m K)), heat
capacity [Cv = 0.7178 × 103 kJ/(kg K)], standard atmo-
sphere pressure (P0 = 1.013 × 105 Pa), and the specific
heat ratio of air (γ = 1.4). Thus, the effective wave num-
ber and impedance can be calculated as keff = ω

√
ρeff/κeff

and zeff = √
κeffρeff.

APPENDIX C: EXPERIMENTAL SETUP

In this study, the experimental measurement of the MA
is conducted using the standard ASTM E2611-09 [50]. The
experimental setup is depicted in Fig. 7. The waveguide
has side widths of lz = 0.05 m and lx = 0.09 m, with a
wall thickness of 0.01 m. Thus, the cutoff frequency is
determined to be 1905.6 Hz. The metasurface sample is
fabricated using 3D-printing technology and is positioned
in the middle of the impedance tube. To achieve anechoic
conditions, a cone-shaped sound-absorbing foam with a
length of 0.8 m (> λ/4) acts as the anechoic load.

During the measurement, input signals are generated by
a waveform generator (NI PXI-5421) and amplified using
an audio power amplifier (YAMAHA P2500S). A loud-
speaker (Peerless TC6WD01-04) is positioned on the input
surface of the tube to generate incident plane waves, while
four 1/4-inch condenser microphones (GRAS 40 PH) are
inserted into the waveguide to capture sound information.
Data collected by the signal-acquisition board (NI PXI-
4498), controlled by the LabVIEW program, are processed
using the MATLAB package.
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FIG. 8. (a) Schematic of an absorber with mirror symmetry.
(b),(c) Schematics of symmetric and antisymmetric reflections,
respectively.

APPENDIX D: THEORETICAL ANALYSIS

The numerical and experimental results have demon-
strated quasiperfect absorption. To demonstrate the
essential roles of dipole and monopole characteristics in
achieving near-perfect sound absorption, we analyze a
general absorber with mirror symmetry, as depicted in
Fig. 8(a). The scattering behavior of the absorber can be
represented as

[
O+
O−

]

= S
[

I+
I−

]

=
[

t r
r t

] [
I+
I−

]

, (D1)

where r and t denote the reflection and transmission coef-
ficients of sound pressure, respectively. For single-sided
incidence, the absorption is defined as A = 1 − |r|2 − |t|2.
Therefore, perfect absorption necessitates r = t = 0. Fur-
thermore, the scattering analysis of an arbitrary structure
with mirror symmetry can be separated into two reflec-
tion subproblems [38,52]. Specifically, a symmetric and
an antisymmetric reflection scenario, where the reflected
coefficients corresponding to the eigenvalues of the scat-
tering matrix are formulated as λ± = t ± r, as illustrated
in Fig. 8(b) and 8(c).

Initially, we examine a symmetric scatter. The scatter-
ing relationship (omitting the e−jkx and ejkx terms) can be
written as

[
r + t
r + t

]

=
[

ts rs
rs ts

] [
1
1

]

. (D2)

For an antisymmetric scatter, the relationship is expressed
as

[
r − t
t − r

]

=
[

ta ra
ra ta

] [
1

−1

]

. (D3)

Therefore, we can derive the following expressions:

r = [(ts + rs) + (ta − ra)] /2, (D4)

t = [(ts + rs) − (ta − ra)] /2. (D5)

Here, ts and rs (ta and ra) represent the transmission
and reflection coefficients of symmetric (antisymmetric)

TABLE II. Geometric parameters of CSR and DMR (units,
mm).

W1 W2 w1 w2 t L

9.8 40.3 2.26 3.56 1 60.28

scatters. Notably, a monopole (dipole) exhibits symmet-
ric (antisymmetric) sound-pressure distributions. Hence,
treating the reflection subproblems of symmetric and anti-
symmetric scatters as scattering problems of monopoles
and dipoles, respectively, leads to the construction of a
mirror-symmetric sound absorber. It is noteworthy that
sound-pressure continuity is maintained for a monopole,
specifically at the opening of the folded Fabry-Perot (FP)
resonator utilized in this study, resulting in 1 + rs = ts.
On the contrary, for an ideal dipole, such as a deco-
rated membrane resonator, particle-velocity continuity is
demonstrated, resulting in 1 − ra = ta. Thus, we simplify
Eqs. (D4) and (D5) as

r = 1 + (rs − ra), (D6)

t = rs + ra. (D7)

Perfect absorption can be achieved when rs = −0.5, ts =
0.5, and ra = ta = 0.5 are attained at the same frequency,
indicating the degeneration of monopolar and dipolar res-
onances. In cases where only a monopole or dipole is
excited, the absorption is calculated as As = 1 − |rs|2 −
|ts|2 = 0.5 and Aa = 1 − |ra|2 − |ta|2 = 0.5, representing
the maximal absorption value for an ideal monopole and
dipole, respectively. In summary, achieving perfect absorp-
tion necessitates the presence of degenerate monopoles and
dipoles in a critically coupled state, demonstrating a max-
imum absorption of 0.5 under one-side illumination, in
alignment with the conditions derived from coupled-mode
theory [51].

For verification, we have reconfigured an absorber with
the geometric specifications detailed in Table II; this
achieves perfect absorption at 724 Hz, as shown in Fig. 9.
Here, both the monopole and dipole exhibit resonance
at 724 Hz, with absorption rates of 49.7% and 49.9%,
respectively. Nevertheless, the practical constraints of 3D
printing, with a precision limit of 1 mm, prevent the
fabrication of the absorber with the precise geometric
dimensions. As a result, we devise a MA device in the
manuscript to achieve near-perfect absorption for incident
plane waves.

APPENDIX E: MA SYSTEM FOR UNDERWATER
SOUND

The absorptive mechanism proposed in the MS could
have universal applicability across different fluid back-
ground media and various frequency ranges. To illustrate
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(a) (b) (c)Monopole dipole Monopole + dipole

FIG. 9. Acoustic spectra of (a) monopole only, (b) dipole only,
and (c) a combination of monopole and dipole.

this concept, we present a numerical demonstration of
an underwater sound absorber, as depicted in Fig. 10.
The simulation is carried out using the acoustic–solid-
interaction frequency-domain module in COMSOL Multi-
physics, accounting for the fluid-structure coupling effect
of thin solid plates in a water environment. The CSR
and DMR materials are modeled as steel with a mass
density of 7850 kg/m3, Young’s modulus of 205 GPa,
and Poisson’s ratio of 0.28. The simulation is conducted
under atmospheric pressure at a temperature of 20 ◦C.
The relevant geometric parameters are detailed in Table
III. Key material properties and fluid parameters such as
dynamic viscosity (μ = 1.01 × 10−3 Pa s), thermal con-
ductivity [κ = 0.6 W/(m K)], heat capacity [Cv = 4.18 ×
103 kJ/(kg K)], and the specific heat ratio of water (γ =
1.01) are employed to characterize the viscous and thermal
dissipation [53].

The scattering spectra of the designed underwater MA
are illustrated in Fig. 10(a), demonstrating 99.8% absorp-
tion at 3.18 kHz with a subwavelength size smaller than
1/10 of the operating wavelength. Figure 10(b) further
exhibits the corresponding absolute sound-pressure distri-
bution for enhanced visualization of these acoustic char-
acteristics, highlighting the concentration and dissipation
of sound energy primarily by the CSR and DMR compo-
nents.

Additionally, it is worth mentioning that the con-
figuration of the open resonant cavity in synthesized
multipolar metamolecules, which are connected to the
external environment, allows it to operate under high-
water-pressure conditions. The main challenge arises from
the elastic vibration of the solid frames induced by
the fluid-structure coupling effect, as illustrated in Figs.
10(c) and 10(d), particularly under high-intensity inci-
dence. This issue could be addressed by incorporat-
ing reinforcing ribs to enhance the structure’s stiffness,
thus reducing distortion and alleviating stress concentra-
tion.

TABLE III. Geometric parameters of CSR and DMR (units,
mm).

W1 W2 w1 w2 t L

6.74 26.7 1.32 2.2 1 42.6
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FIG. 10. (a) Acoustic scattering spectra of an underwater
absorptive system. (b) Distribution of the absolute sound pres-
sure at 3.18 kHz. (c),(d) Corresponding displacement and stress
distribution, respectively, in the solid frames of the multipolar
metamolecules.

APPENDIX F: THREE-DIMENSIONAL
META-ABSORBER

In addition to the 2D AMA in the MS, we have devel-
oped a 3D cubic meta-absorber in which all six faces
utilize MAs, as depicted in Fig. 11(a). Assuming the cylin-
drical line sound source along the z direction as the noise
source to be eliminated, this 3D meta-absorber consists
of five MAs parallel to the line source and three MAs
normal to the line source on each face. The remaining
parameters are consistent with the MA structure presented
in Fig. 2 of the main text. In Fig. 11(b), the simulated
sound-field distribution is displayed, demonstrating a con-
centration of sound energy within the absorber. Figures
11(c) and 11(d) showcase the SPL profiles along the red
dashed lines depicted in Fig. 11(b). The results indicate
that sound-insulation levels of 16 and 12 dB are achieved
in directions normal and parallel to the line source, respec-
tively.

Similarly, we can also design a 3D spherical meta-
absorber with multipolar metamolecules evenly distributed
in the shell, as illustrated in Fig. 12(a). The outcomes
in Figs. 12(c)–12(d) distinctly demonstrate the effective
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FIG. 11. (a) Sketch of numerical experimental setup. (b)
Absolute sound-pressure distribution at 724 Hz. (c),(d) Profiles
of SPLs along the red dashed lines shown in (b).

absorption of spherical wave radiation from a point source
located at the center.

APPENDIX G: INFLUENCE OF VENTILATION
AREA

To investigate the relationship between the absorption
characteristics and the ventilation area, we conducted a
detailed analysis of the scattering spectra for four scenar-
ios with approximately the same ratios of the ventilated
channel area (46%, for example), as depicted in Figs.
13(a)–13(d). In these cases, the number of AMA molecules
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FIG. 12. (a) Sketch of a spherical sample in the numerical sim-
ulations. (b) Cross-section view of the absolute sound-pressure
distribution at 724 Hz. (c),(d) SPL profiles along the horizontal
and vertical red dashed lines indicated in (b).
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FIG. 13. (a)–(d) Scattering spectra of the AMA with different
ring radii under constant ventilation conditions (upper panel).
Distributions of the absolute sound pressure in the systems at
724 Hz (lower panel). The radii for these four cases are 0.31, 0.4,
0.47, and 0.61 m, respectively.

ranges from 24 to 45, corresponding to ring radii of 0.31,
0.4, 0.47, and 0.61 m. It is worth mentioning that (1) the
operating frequency for all four cases remains at 724 Hz,
reaffirming that the resonant frequency is independent of
the ring radius and the area ratio of the ventilated chan-
nel; and (2) by keeping the filling ratio of the ventilated
channel constant, a larger ring radius results in a higher
absorptive-peak value. This phenomenon can be attributed
to the fact that, as the ring radius increases, the cylindri-
cal wave behaves more like a plane wave, bringing the
absorption peak closer to that of the MA.
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