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Sound-absorbing materials (SAMs) have attracted significant interest for more than a century owing
to their rich physical properties and extensive potential in acoustic engineering. This article provides an
overview of recent progress in and future prospects for SAMs, from single resonators to coupled reso-
nant systems. Single resonant SAMs use resonances to achieve high-efficiency absorption in a certain
bandwidth with a significantly smaller thickness than porous SAMs. The emergence of sound-absorbing
metamaterials has led to further thinner structures at deep-subwavelength scales. Coupled resonant sys-
tems offer new opportunities for broadband sound absorption and multifunctionality. We introduce the
conservation equations for single resonators and general SAMs, outlining the design strategies for achiev-
ing tunable and broadband SAMs approaching the optimal conditions governed by the conservation
equations. We also review recent developments in multifunctional SAMs and metaliners. Finally, we pro-
vide an outlook on potential directions and applications for future work in this rapidly evolving field.

DOI: 10.1103/PhysRevApplied.20.010501

I. INTRODUCTION

Sound-absorbing materials (SAMs) are designed to dis-
sipate sound energy via the thermal-viscous effect near the
structure-medium interfaces [1–4]. The design of SAMs
involves numerous important considerations, including
absorption efficiency, working bandwidth, structural thick-
ness, structural weight, manufacturing complexity, and
other mechanical and material properties. These factors
should be carefully designed to meet the specific require-
ments of a given application. Over the years, the research
field of SAMs has produced a wealth of excellent results
for efficient sound absorption under diverse conditions.
Various porous SAMs have been proposed with increased
sound-absorbing efficiency, durability, flame resistivity,
and human safety [3–7] [Figs. 1(a) and 1(b)].

In addition, numerous resonant SAMs, such as panel
absorbers [8,9], microperforated-panel (MPP) absorbers
[10,11], and their combination with porous materials
[12,13], have resulted in abundant effective designs
for medium-frequency to low-frequency absorption and
broadband absorption [Figs. 1(c) and 1(f)]. Furthermore,
the emergence and development of sound-absorbing meta-
materials (SAMMs) in recent years [14–17] have offered
new avenues for the development of SAMs. SAMMs are
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artificially structured materials of subwavelength thick-
ness that provide high-efficiency and/or tunable sound-
absorption performance. These metamaterial-based sound
absorbers [18–21] offer further increased tunability in
acoustic properties over conventional SAMs, leading to
fascinating and versatile results.

In this paper, we provide an overview of recent devel-
opments in and future prospects for SAMs, from single
resonators to coupled resonant systems. We begin by intro-
ducing the fundamental principles of sound absorption and
the conservation quality of single resonant SAMs, fol-
lowed by discussions of the recent relevant research in this
field. We then focus on coupled resonant SAMs, which
use the coupling of multiple resonators to achieve tunable,
high-efficiency, and broadband absorption. We introduce
the causality principle that governs the conservation qual-
ity of general SAMs and outline the design strategies
for broadband SAMs approaching the causality-governed
optimal thickness. Furthermore, we discuss multifunc-
tional SAMs and the application potentials of SAMMs
in environments with airflow. Finally, we conclude by
offering perspectives on potential future directions for the
development and application of SAMs.

II. SINGLE RESONANT SAMS

A. Theoretical models for sound absorption based on
acoustic impedance and coupled-mode theory

Acoustic impedance is a critical parameter for charac-
terizing and designing SAMs. On the basis of the normal
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FIG. 1. Conventional SAMs. (a) The microstructures of
melamine foam and glass fiber. (b) Theoretical (lines) and simu-
lation (circles; conducted with COMSOL MULTIPHYSISCS) absorp-
tion curves of the porous SAMs with thicknesses of 50 mm (in
blue) and 100 mm (in orange). The flow resistance (χp ) of the
porous materials is 10 000 Pa s/m2. (c) An MPP absorber. (d)
The absorption curves of the MPP absorbers with overall thick-
nesses (the sums of the MPP thicknesses and the cavity depths)
of 50 mm (in blue) and 100 mm (in orange). The cavity depths
(lc) are 49 mm (in blue) and 99 mm (in orange), respectively.
The hole diameter (dm), panel thickness (tm), and perforated ratio
(σm) of the MPPs are 0.5 mm, 1 mm, and 1%, respectively. (e) An
MPP absorber combined with porous SAMs. (f) The absorption
curves of two MPP absorbers combined with porous SAMs. The
overall thicknesses of the two MPP absorbers are 50 mm (in blue)
and 100 mm (in orange), respectively. dm = 0.8 mm, tm = 1 mm,
σm = 2.56%, χp = 10 000, and lc = 49 mm (in blue) or lc = 99
mm (in orange). The thicknesses of the porous materials are 49
mm (in blue) and 99 mm (in orange), filling the air cavities of the
two MPP absorbers. (a) Reprinted with permission from Ref. [7].

specific acoustic impedance (Zs), the reflection coefficients
of SAMs at normal incidence can be expressed as

r = Zs − Z0

Zs + Z0
, (1)

where Z0 = ρ0c0, with Z0, ρ0, and c0 being the char-
acteristic acoustic impedance of, static density of, and
sound speed of the surrounding medium, respectively. The
absorption coefficients can then be calculated by α = 1 −
|r|2. Coupled-mode theory [22–26] can also serve as a fun-
damental tool for describing resonant SAMs. On the basis
of coupled-mode theory, the reflection coefficients (r) of a

resonator in a one-port system can be expressed as

r = 1 − 2Q−1
rad

2i(ω/ωr − 1) + Q−1
rad + Q−1

loss

, (2)

where ω is the angular frequency, ωr is the angular reso-
nant frequency, and Q−1

rad and Q−1
loss represent the radiation

and intrinsic-loss factors, respectively. Q−1
rad = 2γ /ωr and

Q−1
loss = 2�/ωr, with γ and � being the radiative and dissi-

pative decay rates. The quality factor (Q) of a resonator can
be calculated as Q−1 = Q−1

rad + Q−1
loss. Equation (2) can be

equally written as r = 1 − (2γ /i(ω − ωr) + γ + �). The
interaction between γ and � determines the absorption
coefficients, and the “critical coupling” condition (γ = �)
[23,27–30] leads to perfect absorption [Fig. 2(a)].

This implies that significant intrinsic loss is not
the essential requirement for high-efficiency absorp-
tion. Recent studies demonstrate that one can achieve
ultranarrowband perfect absorption with extremely-low-
dissipation resonators by construction of a quasibound
state in the continuum (quasiBIC) that supports tunable
and extremely low radiation [25,35,36].

B. Conservation equation for single resonant SAMs

The acoustic impedance and resonant frequency of a
single resonant SAM can be expressed, respectively, as
Zs = Rs + i(ωMs − Ks/ω) and ωr = √

Ksr/Msr, where Rs,
Ms, and Ks, respectively, represent the acoustic resistance,
mass, and stiffness, and Rsr, Msr, and Ksr indicate their val-
ues at resonance. By substituting the expressions for Zs
and ωr into Eqs. (1) and (2) and considering the definition
Q−1

loss = Rsr/ωrMsr, we can derive Q−1
rad = Z0/ωrMsr, where

Z0 and Rsr are related to the radiation loss and intrinsic loss
of the resonance, respectively. These equations lead to the
single-resonator conservation equation as

1
Qfr

= 2π(Z0 + Rsr)

Ksr
, (3)

where fr is the resonant frequency. With Eq. (3), we
can deduce the conservation qualities of various spe-
cific single resonant SAMs. For example, the acous-
tic reactance of the Helmholtz resonator shown in
Fig. 2(b) is −iρ0c0 cot(k0lc)sA/sc, whose series expansion
can be written as −iρ0c0(1/k0lc − k0lc/3 − (k0lc)3/45 −
o(k0lc)4)sA/sc. The terms after the first term are char-
acterized as acoustic mass, and then Ksr is ρ0c2

0sA/sclc.
By substituting this into Eq. (3), we obtain the conserva-
tion equation for Helmholtz resonators: 1/Qfr = 2π(1 +
Rsr/Z0)sclc/sAc0. Similarly, the conservation equation for
the curled-space resonator shown in Fig. 2(c) is 1/Qfr =
(2π(1 + Rsr/Z0)sclc/sAc0)((sc + b)sa/sc(sa + b)). Assum-
ing that the neck of the Helmholtz resonator is embedded
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FIG. 2. Single resonant SAMs. (a) A resonant mode. (b) A Helmholtz resonator and (c) a curled-space resonator. (d) Concep-
tional demonstration of the conservation quality of single resonant perfect SAMs with a fixed resonance frequency fr0. (e) Normal
and irregularly shaped MPP absorbers. (f) Absorption curves of an irregularly shaped MPP absorber. (g),(h) Schematic and pictures
of MPP absorbers with embedded elastic long necks and their absorption curves with different neck lengths. (i) Absorption curves
of a membrane-type absorber. (j) Absorption curves of a curled-space absorber. (k) Absorption curves of four NEHRs having the
same shape. Sim., simulation; The., theory. (e),(f) Reprinted with permission from Ref. [11]. (g),(h) Reprinted with permission from
Ref. [31]. (i) Reprinted with permission from Ref. [32]. (j) Reprinted with permission from Ref. [33]. (k) Reprinted with permission
from Ref. [34].

[34] and the wall thickness is infinitely thin, Helmholtz
resonators and curled-space resonators both lead to

1
Qfr

= 2π(1 + Rsr/Z0)L
c0

sc

sA
, (4)

where L is the thickness of the overall SAMs. This
equation provides the conservation quality of single res-
onant SAMs regarding their absorption bandwidths (Q),
absorption peaks (referring to Rsr), resonance frequen-
cies (fr), and structural thicknesses (L), as exemplified in
Fig. 2(d). In addition, Eq. (4) can be further revised by
considering the thermal-viscous effect in the air cavities.

Furthermore, understanding the optimal conditions for
SAMs is of great importance, and we discuss this on the
basis of the conservation quality. By combining Eqs. (1)
and (4), we can obtain

1
Qfr

= 4πL
c0

sc

sA

1
1 + √

1 − αr
(for Rsr < Z0), (5)

1
Qfr

= 4πL
c0

sc

sA

1
1 − √

1 − αr
(for Rsr ≥ Z0), (6)

where αr is the absorption coefficient at resonance. Equa-
tions (5) and (6) demonstrate that when Rsr < Z0 (under-
damped), it is possible to increase the absorption effi-
ciency, reduce the thickness, and reduce the resonant
frequency simultaneously. However, when Rsr ≥ Z0 (over-
damped), the improvements of these three aspects become
contradictory. Therefore, excluding the evaluation of wall
thickness, we can regard a single resonant SAM reaching
the overdamped condition as an optimal design.

C. Deep-subwavelength and tunable single resonant
SAMs

Equation (4) indicates that SAMs can achieve perfect
absorption with a very thin structure, but their working
bandwidths decrease with decreasing ratio of thickness and
resonant wavelength, as illustrated in Fig. 2(d). Conven-
tional single resonant SAMs such as MPP absorbers and
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their modified designs [11,31] [Figs. 2(e) and 1(h)] can
generally achieve high-efficiency absorption in moderate
bandwidths with a thickness on the order of a few tenths
of the resonant wavelength (λr) [10–12,37–40]. In recent
years, SAMMs, such as membrane-type SAMMs [32,41–
45] and curled-space SAMMs [33,46–53], have pushed
the performance limit in some scenarios. For example,
a membrane-type absorber composed of a mass-plate-
decorated membrane and an air cavity achieved perfect
absorption at 152 Hz with a thickness of 17.2 mm (λr/131)
[32] [Fig. 2(i)]. A curled-space absorber exhibited perfect
absorption with a thickness of λr/223 [33] [Fig. 2(j)]. A
multicoiled absorber realized perfect absorption at 50 Hz
with a thickness of only 13 mm (λr/523) [52]. For those
deep-subwavelength SAMMs, as predicted by Eq. (4),
their working bandwidths are proportional to L/λr.

Recent progress in SAMMs has demonstrated that high
tunability is crucial for achieving target absorption under
various restrictions [34,51,53–61]. In the design of highly
tunable SAMMs, the conservation equation can serve as
an effective tool to evaluate absorption performance. For
instance, neck-embedded Helmholtz resonators (NEHRs)
offered free modulation of working frequencies and band-
widths under a constant shape [34,54] [Fig. 2(k)]. Neck-
embedded curled channels realized tunable working band-
widths under a constant resonant frequency [51] or tunable
working frequencies under a constant shape [53]. Curled
channels with unequal sections exhibited tunable working
frequencies and bandwidths [55,62,63]. Despite the abun-
dant variations in absorption performances arising from
high tunability, we can theoretically predict the absorption
potentials of these tunable SAMMs.

III. COUPLED RESONANT SAMS

A. Theoretical models for coupled resonant SAMs and
the causality constraint

The coupling effect among acoustic resonators can be
analyzed through impedance analysis. When the cross sec-
tions of coupled resonant SAMs are of subwavelength
scales where the fundamental-mode reflection is dominant,
their overall acoustic impedance (Zcs) can be expressed as

Zcs = 1/

N∑

n=1

(Z−1
is(n)), (7)

where Zis(n) represents the surface impedance of the nth-
component resonator and N is the total number of coupled
resonators. Additionally, acoustic grating theory [64] can
be applied when the higher-order waves cannot be ignored.

Temporal coupled-mode theory provides another effec-
tive pathway to investigate the coupling among multiple
resonant modes [Fig. 3(a)], where the nth mode (ã(n) =

a(n)eiωt) can be expressed as [25,68–70]

d
dt

ã(n) = (iωr(n) − γ(n) − �(n))ã(n) + i
√

γ(n)S̃+
i

+
∑

m �=n

((−√
γ(n)

√
γ(m)�nm + iκnm

)
ã(m)

)
, (8)

where S̃+
i = S+

i eiωt represents the incident waves, and κnm
and −√

γ(n)
√

γ(m)�nm, respectively, denote the near-field
and far-field coupling factors between the nth mode and
the mth mode [69]. The reflection coefficient of the coupled
resonant system can then be calculated by

r = 1 + 2i
N∑

n=1

(√
γ(n)

a(n)

S+
i

)
, (9)

where N is the total number of coupled modes. On the
basis of Eq. (9), we can further calculate the overall
acoustic impedance by Zcs = (1 + r)/(1 − r).

For linear and passive SAMs with an acoustically rigid
backing, the causality equation is obtained by accumu-
lating dissipation on the lower-half complex wavelength
plane [Fig. 3(b)], which leads to [67]

L ≥= 1
4π2φ

∣∣∣∣
∫ ∞

0
ln |1 − A(λ)| dλ

∣∣∣∣ = Lmin, (10)

where φ is the volume fraction of the material, A(λ) is
the absorption coefficient at wavelength λ, and Lmin is
the causality-governed minimal thickness. Equation (10)
demonstrates the conservation quality of a general SAM
with respect to its thickness and absorption coefficients
over frequencies. Relevant studies have shown that the
overdamped condition is necessary for approaching the
causality-governed minimal thickness [61,64,71]. By com-
paring the calculated thicknesses of numerous overdamped
single resonant SAMs based on Eqs. (4) and (10), we find
that the results are numerically approximate. However,
we do not obtain a direct mathematical transformation
of Eqs. (4) and (10), which can be attributed to the dif-
ferent fundamental formulas for the thickness-impedance
relations used in the derivations of these two equations.
In addition, it is noteworthy that the causal constraint
can be circumvented by removing the hard-backing con-
dition, such as by using an open-hole backing [72] or a
soft-material backing [73,74].

B. Coupled resonant SAMs

The coupling among resonances provides additional
degrees of tunability for developing SAMs. By modu-
lating the coupling effect appropriately, we can realize
efficient overall absorption performance of a coupled SAM
[49,52,75–85] [Fig. 3(c)]. For example, by use of cascad-
ing coupling (components arranged in a cascading manner)
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FIG. 3. Coupled resonant SAMMs. (a) Coupling effect among multiple resonant modes. (b) Responses of SAMs in the complex
wavelength plane. (c) Use of the coupling effect to modulate the overall absorption performance of a SAMM. (d) Absorption curves of
a three-layer MPP absorber. (e) A quadratic residue diffuser (QRD). (f) Absorption curves of the QRD covered with a metal mesh. (g)
Coupled resonant absorber consisting of 16 curled channels. (h) Absorption curves of the absorber in (g) (in blue), a 3-mm sponge (in
green), and the absorber covered with the sponge (in red). (i) Coupled resonant absorber consisting of 36 cascading NEHRs. (j) The
component absorbers support intensive mode density. (k) Absorption curves of the absorber in (i). Expt., experiment; FP, Fabry-Perot;
TL, three-layer; The., theory. (b),(i)–(k) Reprinted with permission from Ref. [61]. (c) Reprinted with permission from Ref. [60]. (d)
Reprinted with permission from Ref. [65]. (e),(f) Reprinted with permission from Ref. [66]. (g),(h) Reprinted with permission from
Ref. [67].

[65,86–90] [Fig. 3(d)] and/or parallel coupling (compo-
nents arranged in a parallel manner) [66,91–94] [Figs. 3(e)
and 3(f)] among multiple traditional resonators, the cou-
pled resonant system can achieve excellent absorption
within bandwidths much wider than those of single reso-
nant SAMs. Further increasing the tunability of coupled
resonant systems can lead to more broadband absorp-
tion and/or more-compact structures than conventional
designs. Recent studies have proposed two effective strate-
gies for constructing compact ultrabroadband coupled res-
onant SAMMs. The first strategy primarily uses the indi-
vidual absorption of the component absorbers to achieve
overall broadband quasiperfect absorption of the coupled
resonant systems [49,67]. In this strategy, the individual

components commonly exhibit narrowband quasiperfect
absorption. The second strategy primarily exploits the cou-
pling effect among component absorbers, where the indi-
vidual component absorbers commonly deviate from per-
fect absorption to achieve higher tunability of the coupling
effect [60,61,95,96].

Figures 3(g) and 3(h) illustrate a broadband coupled
resonant SAMM that approaches the minimum thickness
[67]. This absorber follows the first design strategy, where
the overall absorption primarily results from the individ-
ual absorption of the 16 curled channels with quasiper-
fect absorption. Further, an additional porous material
can be used to increase the mode density and achieve
the overdamped condition, thereby effectively increasing
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the overall absorption. Figures 3(i) and 3(j) illustrate
another broadband coupled resonant absorber approach-
ing the minimum thickness [61]. This absorber follows
the second design strategy, where the overall absorption
is dominated by the coupling effect among the 36 cascad-
ing NEHRs, which individually show imperfect absorption
in the overdamped domain. The intensive mode density
supported by the 36 cascading NEHRs effectively sup-
presses the absorption dips at antiresonances, providing
a relatively flat absorption curve. The interaction among
component resonators in radiation fields can be regarded
as far-field coupling. In addition, recent research demon-
strates that use of a bridge structure connecting resonators
to introduce near-field coupling can improve the coupling
modulation of the coupled resonant SAMM, leading to
high-efficiency broadband absorption [84]. Furthermore,
the design strategies for airborne SAMs may inspire the
development of underwater SAMs. In underwater sce-
narios, a variety of resonant components can be used,
including solid cores with soft-viscoelastic-material coat-
ings [97–100], controlled air bubbles [101,102], composite
viscoelastic slabs [103,104], rubber-coated Helmholtz res-
onators [105], composite-material Fabry-Perot resonators
[106], and combinations of viscoelastic rubbers, conical
cavities, cylindrical oscillators, and backing steels [107].
By suitable modulation of the coupling among these under-
water resonant components, a promising avenue can be
explored to achieve broadband and efficient underwater
sound absorption.

IV. MULTIFUNCTIONAL SAMS AND
METALINERS

A. Multifunctional SAMs

The progress made in coupled resonant SAMs provides
new techniques and strategies for effectively modulating
absorption-related properties, which paves the way for the
development of multifunctional SAMs [61,96,108–112].
For example, SAMM-based acoustic barriers have demon-
strated remarkable potential for achieving both outstanding
ventilation and broadband sound insulation [113–118], as
shown in Fig. 4(a).

Through the design methods that focus on wave
interference, such as band-structure analysis [121–124]
and effective-medium theory [125,126], strong sound-
reflective ventilated structures with a wide frequency range
have been achieved. Furthermore, SAMMs enable acoustic
barriers with ventilation to effectively utilize the combined
effects of sound absorption and reflection. This allows
the further widening of the operating range by incorpora-
tion of absorption-dominated, absorption-reflection coac-
tion, and reflection-dominated frequency bands [113]. A
compact multifunctional metastructure composed of mul-
tiple NEHRs with a hexagonal honeycomb configuration
realized both low-frequency broadband sound absorption

and excellent crash-energy dissipation [96], as shown in
Figs. 4(b) and 4(c). A recently proposed metasilencer
achieves delicate modulation of mode density and intrinsic
loss, which enables versatile sound control, including alle-
viation, highlighting, and muting of different overtones for
broadband, leading to a designable timbre [108], as shown
in Fig. 4(d). An acoustic quasiBIC-supporting system com-
posed of two coupled low-dissipation cavities with a small
length difference can achieve high Q as well as tun-
able perfect absorption and strong acoustic-pressure-field
enhancement [25], as shown in Figs. 4(e) and 4(f).

B. Metaliners

Acoustic liners are widely used in aircraft engines
and exhaust mufflers to reduce noise levels [127,128].
Although many conventional designs can effectively
reduce noise for target modes in relatively narrow bands
[129–131], challenges such as broadband sound attenu-
ation, deep-subwavelength thickness, and high tolerance
to varying flow speeds still remain. Recently, SAMMs
have shown great potential in addressing these challenges
[64,119,120,132–136]. Figure 4(g) illustrates a metaliner
based on SAMMs [119]. The NEHR array of the metaliner
contributes to the thinness, the desired impedance condi-
tion in broadband, and the more-unconstrained design of
the front perforated panel that leads to increased tolerance
to speed-varying flows [Figs. 4(h) and 4(i)]. Another met-
aliner composed of multiple neck-embedded curled chan-
nels exhibits higher sound-attenuation efficiency as well
as a wider working bandwidth than a traditional double-
degree-of-freedom liner under airflow [120] [Figs. 4(j)
and 4(k)]. However, efforts are still needed to develop
efficient acoustic metaliners capable of handling higher-
intensity sound, higher flow speeds, and more-complicated
sound-propagating modes.

V. OUTLOOK

Recent advancements in SAMs have made it possible to
achieve high-efficiency, deep-subwavelength, broadband,
and tunable designs. Besides, the conservation equations
of SAMs now allow us to predict their potential theoreti-
cally. Despite the significant progress made in this field, we
can envision numerous exciting opportunities and promis-
ing directions for the future development and application
of SAMs.

One area that requires attention is ultrabroadband
SAMMs based on coupled resonant structures. Their
complex configurations make them difficult to manufac-
ture. Researchers can explore advanced manufacturing
techniques and new design concepts for ultrabroadband
SAMMs to address this issue. For example, new designs of
tunable single resonant SAMs that are easier to assemble
may lead to less-complicated coupled resonant structures.
The combination of SAMMs and traditional SAMs, such
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as metaporous [137–141] and modified MPP absorbers
[60,64,142,143], may offer a desired trade-off between
performance and structure complexity.

Recent studies have shown that acoustic soft bound-
aries in SAMs can achieve novel absorption performance
that cannot be realized by SAMs with acoustically hard

backings [72–74]. Further exploration in this direction
shows promise for innovative SAMs. In addition, recent
studies have demonstrated that coupled resonant SAMMs
with both near-field and far-field couplings [84,124] can
bring additional freedom to modulate the coupling effect
and lead to efficient designs. Considering that most of

010501-7



HUANG, LI, ZHU, and TSAI PHYS. REV. APPLIED 20, 010501 (2023)

the previously proposed coupled resonant SAMMs rely on
the far-field coupling to modulate absorption performance,
we can expect fruitful new results in future exploration
in this direction. Furthermore, new designs for SAMs are
being inspired by acoustic black holes [144–149], origami
structures [150–153], microstructural designs [154–157],
etc.

Multifunctional SAMs have been the subject of increas-
ing research attention, and future efforts should explore
the richer multifunctionality of SAMMs. For example,
tunable broadband SAMs could benefit many acoustic
functional devices in impedance engineering by modulat-
ing acoustic reflection and radiation in the broadband range
[158,159]. Ultranarrowband (high-Q) absorption recently
observed in quasiBIC-supporting systems may provide an
application platform for high-sensitivity sensing and fil-
tering [25,35]. Besides, recent studies have demonstrated
that the enhancement of pressure fields of acoustic res-
onant structures can facilitate acoustic energy harvesting
[160–162], which is another significant research direction
for quasiBIC-supporting SAMs. Furthermore, researchers
may investigate the mechanical properties, material prop-
erties, and interactions with application environments in
addition to sound absorption to explore multifunctional
SAMs.

High-intensity sound and airflow are two factors that
weaken the absorption performance of SAMs in real appli-
cations. Recent studies have shown that SAMM-based
metaliners can mitigate the impact of the two factors.
Future research may explore how to utilize these seemingly
negative factors to improve the performance of SAMMs in
real applications.

Advanced algorithms such as deep learning have been
shown to be efficient tools for designing SAMs with on-
demand performances [85,163–165]. Future research in
this area holds great promise. In addition, introducing
active controls to SAMs will provide new techniques to
design acoustic properties with reduced size and weight
[166–169], which is another future direction highly worth
exploring.

Overall, new ideas continue to emerge in the field
of SAMs, leading to more-powerful and more-versatile
designs for a wider range of application platforms. Thus,
we conclude that the future of SAMs is promising.
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manufacturing and dual-scale modelling of an adaptable
porous composite sound absorber, Compos. B: Eng. 187,
107833 (2020).

[155] X. Li, X. Yu, and W. Zhai, additively manufactured
deformation-recoverable and broadband sound-absorbing
microlattice inspired by the concept of traditional perfo-
rated panels, Adv. Mater. 33, 2104552 (2021).

010501-12

https://doi.org/10.1063/5.0096348
https://doi.org/10.3390/sym14112348
https://doi.org/10.1103/PhysRevApplied.19.014067
https://doi.org/10.1103/PhysRevApplied.13.044028
https://doi.org/10.1103/PhysRevLett.127.084301
https://doi.org/10.1007/s11431-019-1501-3
https://doi.org/10.1016/j.jsv.2017.04.005
https://doi.org/10.1017/S0022112003004518
https://doi.org/10.1016/j.cja.2018.08.014
https://doi.org/10.1121/1.5098785
https://doi.org/10.1121/10.0002990
https://doi.org/10.1103/PhysRevApplied.16.064057
https://doi.org/10.1063/5.0079137
https://doi.org/10.1063/5.0102198
https://doi.org/10.1016/j.ijmecsci.2022.107822
https://doi.org/10.1121/1.4824843
https://doi.org/10.1121/1.4904534
https://doi.org/10.1016/j.addma.2020.101564
https://doi.org/10.1016/j.ymssp.2020.107504
https://doi.org/10.1039/d1mh01685g
https://doi.org/10.1360/TB-2019-0703
https://doi.org/10.1063/1.5090355
https://doi.org/10.1016/j.jsv.2020.115316
https://doi.org/10.1016/j.jsv.2021.116401
https://doi.org/10.1016/j.jsv.2022.117138
https://doi.org/10.1016/j.compstruct.2022.116434
https://doi.org/10.1016/j.jsv.2022.117377
https://doi.org/10.1016/j.jsv.2023.117825
https://doi.org/10.1016/j.jsv.2018.07.029
https://doi.org/10.1016/j.jsv.2018.11.025
https://doi.org/10.1088/1361-665X/abf420
https://doi.org/10.1016/j.ijmecsci.2022.107872
https://doi.org/10.1016/j.compositesb.2020.107833
https://doi.org/10.1002/adma.202104552


SOUND-ABSORBING MATERIALS PHYS. REV. APPLIED 20, 010501 (2023)

[156] W. Sun, B. Pan, X. Song, H. Xiao, J. Zhou, and D.
Sui, A novel sound absorber design of nanofibrous
composite porous material, Mater. Des. 214, 110418
(2022).

[157] K. Pang, X. Liu, J. Pang, A. Samy, J. Xie, Y. Liu, L.
Peng, Z. Xu, and C. Gao, Highly efficient cellular acous-
tic absorber of graphene ultrathin drums, Adv. Mater. 34,
2103740 (2022).

[158] L. Quan, X. Zhong, X. Liu, X. Gong, and P. A. Johnson,
Effective impedance boundary optimization and its con-
tribution to dipole radiation and radiation pattern control,
Nat. Commun. 5, 3188 (2014).

[159] L. Quan and A. Alù, Hyperbolic Sound Propagation over
Nonlocal Acoustic Metasurfaces, Phys. Rev. Lett. 123,
244303 (2019).

[160] K. Ma, T. Tan, Z. Yan, F. Liu, W.-H. Liao, and W.
Zhang, Metamaterial and Helmholtz coupled resonator for
high-density acoustic energy harvesting, Nano Energy 82,
105693 (2021).

[161] H. Zhao, X. Xiao, P. Xu, T. Zhao, L. Song, X. Pan, J. Mi,
M. Xu, and Z. L. Wang, Dual-tube Helmholtz resonator-
based triboelectric nanogenerator for highly efficient har-
vesting of acoustic energy, Adv. Energy Mater. 9, 1902824
(2019).

[162] S. Qi, M. Oudich, Y. Li, and B. Assouar, Acoustic energy
harvesting based on a planar acoustic metamaterial, Appl.
Phys. Lett. 108, 263501 (2016).

[163] K. Donda, Y. Zhu, A. Merkel, S.-W. Fan, L. Cao, S. Wan,
and B. Assouar, Ultrathin acoustic absorbing metasurface
based on deep learning approach, Smart Mater. Struct. 30,
085003 (2021).

[164] A. Chen, Z.-X. Xu, B. Zheng, J. Yang, B. Liang, and J.-
C. Cheng, Machine learning-assisted low-frequency and
broadband sound absorber with coherently coupled weak
resonances, Appl. Phys. Lett. 120, 033501 (2022).

[165] Z.-x. Xu, B. Zheng, J. Yang, B. Liang, and J.-c. Cheng,
Machine-Learning-Assisted Acoustic Consecutive Fano
Resonances: Application to a Tunable Broadband Low-
Frequency Metasilencer, Phys. Rev. Appl. 16, 044020
(2021).

[166] Z. Lu, M. Shrestha, and G.-K. Lau, Electrically tun-
able and broader-band sound absorption by using micro-
perforated dielectric elastomer actuator, Appl. Phys. Lett.
110, 182901 (2017).

[167] B.-I. Popa, Y. Zhai, and H.-S. Kwon, Broadband sound
barriers with bianisotropic metasurfaces, Nat. Commun.
9, 5299 (2018).

[168] C. Shen and S. A. Cummer, Harnessing Multiple Inter-
nal Reflections to Design Highly Absorptive Acoustic
Metasurfaces, Phys. Rev. Appl. 9, 054009 (2018).

[169] X. Liu, C. Wang, Y. Zhang, and L. Huang, Investigation
of broadband sound absorption of smart micro-perforated
panel (MPP) absorber, Int. J. Mech. Sci. 199, 106426
(2021).

010501-13

https://doi.org/10.1016/j.matdes.2022.110418
https://doi.org/10.1002/adma.202103740
https://doi.org/10.1038/ncomms4188
https://doi.org/10.1103/PhysRevLett.123.244303
https://doi.org/10.1016/j.nanoen.2020.105693
https://doi.org/10.1002/aenm.201902824
https://doi.org/10.1063/1.4954987
https://doi.org/10.1088/1361-665X/ac0675
https://doi.org/10.1063/5.0071036
https://doi.org/10.1103/PhysRevApplied.16.044020
https://doi.org/10.1063/1.4982634
https://doi.org/10.1038/s41467-018-07809-3
https://doi.org/10.1103/PhysRevApplied.9.054009
https://doi.org/10.1016/j.ijmecsci.2021.106426

	I. INTRODUCTION
	II. SINGLE RESONANT SAMS
	A. Theoretical models for sound absorption based on acoustic impedance and coupled-mode theory
	B. Conservation equation for single resonant SAMs
	C. Deep-subwavelength and tunable single resonant SAMs

	III. COUPLED RESONANT SAMS
	A. Theoretical models for coupled resonant SAMs and the causality constraint
	B. Coupled resonant SAMs

	IV. MULTIFUNCTIONAL SAMS AND METALINERS
	A. Multifunctional SAMs
	B. Metaliners

	V. OUTLOOK
	ACKNOWLEDGMENTS


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


