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Acoustic metasurfaces have the potential to be a promising route for the development of compact sound-
absorptive devices with ventilation capability. However, the dissipation mechanism of limited plane wave
fronts and elaborate geometry configured by extensive parametric sweepings severely restricts the avail-
able designs. Here, via establishing a cylindrical transfer matrix method combined with an inverse-design
strategy of a genetic algorithm, we construct an optimized ultrasparse (with filling ratio of framework
at 50%) dissipated-sound metacage (DSM), which theoretically (experimentally) demonstrates 99.1%
(98.2%) absorptance for omnidirectionally radiated cylindrical sound at a prescribed frequency of 260 Hz
in deep-subwavelength thickness. The perfect absorption is ascribed to the mode hybridization between
two resonant meta-atoms in which one acts as a dissipated mode and the other as an acoustically soft
boundary. Moreover, the balance between thickness and sparsity is investigated by demonstrating DSMs
that show different filling ratios of air channels. We finally extend the paradigm into a broadband regime
for exploring more potential practicability.
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I. INTRODUCTION

The ever-growing area of acoustic metamaterials and
metasurfaces has empowered the design of devices that
can manipulate sound in a desired and prescribed manner
by rationally decorating subwavelength structures [1,2].
Numerous acoustic metadevices enabling unconventional
phenomena such as sound superlensing [3,4], acoustic
holography [5,6], acoustic cloaking [7–9], undisturbed
sound transmission [10,11], to name a few, are developed.
Recently, a common type of metasurface [12–21] has been
designed as a low-frequency sound sink, which demon-
strates superiority to a conventional porous-materials-
based sound absorber relying on linear response theory
[22]. Via coupling multiple detuned resonant meta-atoms,
the absorbers showing broadband high-efficiency absorp-
tions can be realized [23–28]. Moreover, it has been shown
that effective hybridization between two or more resonant
meta-atoms in a dual-port system are demanded to build
a multifunctional absorber, namely, not merely with high
efficiency but also with asymmetric absorption, excellent
ventilation, and heat-conduction performances [29–36]. To
date, several mechanisms including hybridizing detuned
(tuned) modes under the same (different) damped states
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[30–33], coupling resonant modes, and a nonresonant
reactance-dominated boundary [37] have been proposed to
construct ventilated absorbers. The designed absorber can
present promising absorption and ventilation performances
by carefully decorating geometric parameters.

However, the above-mentioned absorbers are designed
for suppressing, normally or obliquely (at a specific angle),
an incident plane wave but do not involve omnidirection-
ally radiated cylindrical sound. In the context of cylindrical
sound waves, an acoustical metacage that can shield sound
has been proposed [38,39]. However, sound energy is only
localized inside the structure but not dissipated. To date,
a ventilated absorber for cylindrical sound wave has not
been developed. In addition, the geometry of the above-
mentioned metadevices [30–35,37–39] are fine tuned by
iteratively performing full-wave numerical simulations.
The trial-and-error method largely relies on human expe-
rience gained from physical intuition, which is largely
time consuming, let alone for limited parameters being
searched.

Recently, based on iterative optimization of a figure of
merit, inverse-design approaches capable of discovering
final devices with free-from layouts and nonintuitive char-
acteristics, have been rapidly developed to design devices
outperforming empirically designed structures in various
wave fields [40–42]. In this work, a paradigm to realize
an ultrasparse dissipated sound metacage (DSM) that can
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perfectly absorb the enclosed cylindrical sound wave is
proposed via hybridizing multiple resonant meta-atoms
with geometrical parameters optimized by an inverse-
design strategy of a genetic algorithm (GA). A GA is
a gradient-free optimization algorithm mimicking a bio-
logical evolution process, including selection, crossover,
and mutation operators [43–46], in which a candidate
population is characterized by a chromosome comprising
structure parameters to be optimized and the fitness func-
tion is determined by the desired response produced by the
structure. Thus, a selection process can be conducted by
the ranked fitness functions to select the most promising
chromosomes for producing next generations. Crossover
and mutation operators are then used to generate children.
Hence, an alternative population is generated, which sug-
gests an iteration is done. A transfer matrix method for
cylindrical wave (CTMM) is developed to acoustically
characterize the DSM and operate a GA for achieving
the optimal configurations. The demonstrated ultrasparse
(filling ratio of framework at 50%) DSM present 99.1%
(98.9%) absorption in CTMM (finite-element method,
FEM) for cylindrical sound at 260 Hz, which is validated
by experimental measurement conducted in a fan-shaped
impedance tube. The high-efficiency absorption arises
from the efficient coupling between two constitutive res-
onators in which one plays a dissipated meta-atom and the
other an acoustically soft boundary. Moreover, it is demon-
strated that the structure goes deeper-subwavelength by
decreasing the filling ratio of air channels. Further, we
extend the methodology into the broadband regime. As
a demonstration, we construct a DSM showing > 80%
absorption from 257 to 289 Hz in which > 10 dB sound
transmission loss is obtained.

II. THEORETICAL MODEL

Sketched in Figs. 1(a) and 1(b) are the three-dimensional
(3D) stereogram and two-dimensional (2D) top view of
the proposed ultrasparse DSM, which is circularly arrayed
by a metamolecule composed of two folded Fabry-Perot
resonators (FPRs) [inset of Fig. 1(b)]. Each metamolecule

occupies an angle of α in azimuthal direction therein β is
for the angle of air channel between adjacent meta-atoms.
Thus, the filling ratio of air channel follows η = β/α. The
inner and outer radius of the metacage are R1 and R2,
respectively. The width of the folded channel for the ith
FPR (i = 1, 2) is wi, as presented in the inset where l1, lt
and l2 are correspondingly for the distances between FPR1
to the inner boundary, FPR1 to FPR2, and FPR2 to the
outer boundary. The DSM aims to consume sound waves
radiated from the line source located at its center, indi-
cating that both the reflected and transmitted sound are
suppressed (no reflected wave back to region I while no
transmitted wave into region II), as schemed in Fig. 1(b).
Here, we set α = 20◦ and β = 10◦, leading to an ultra-
sparse DSM (η = 50%) to guarantee excellent ventilation
performance.

In order to provide physical description on the proposed
DSM, CTMM that relates the sound pressure and velocity
in regions I and II is developed as

[
p I

S1v
I

]
= T

[
p II

S2v
II

]
=

[
T11 T12
T21 T22

] [
p II

S2v
II

]
, (1)

where T = Tt1TFPR1Tt2TFPR2Tt3 with Tt1, Tt2 and Tt3
being the transfer matrices relating the inner boundary
to FPR1, FPR1 to FPR2, and FPR2 to the outer bound-

ary, respectively [47]; TFPRi =
[

1 0
1/ZFPRi 1

]
(i = 1, 2)

denotes for the transfer matrix of ith FPR with ZFPRi being
the impedance of FPRi. Sound pressure and radical veloc-
ity in each region are derived by solving the wave equation
in the cylindrical coordinates, which are
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0 (k0r), (2a)
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FIG. 1. (a) 3D and (b) 2D view of the proposed ultrasparse DSM. Inset of (b): a metamolecule composed of two FPRs termed as
FPR1 and FPR2.
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and

p II = Y2H (2)

0 (k0r), (3a)

vII = − 1
jZ0

Y2H
′(2)

0 (k0r), (3b)

where H (1)

0 and H (2)

0 correspond to the zero-order Han-
kel function of the first kind denoting converging waves
and the second kind diverging waves; H

′(1)

0 and H
′(2)

0 are
the corresponding derivative with respect to r; j = √−1
denotes the imaginary unit; k0 and Z0 are the wave number
and sound impedance of background medium. By substi-
tuting Eqs. (2) and (3) into Eq. (1), the reflection coefficient
rp and transmission coefficient tp of sound pressure are
derived as
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where the coefficient V follows
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S1 = R1H and S2 = R2H are the edge areas of regions
I and II, respectively. Thus, via substituting Eq. (2), the
sound intensity I = 1/2 Re {pv∗} for incident wave at r =
R1 can be given as

Ii = 1
2

Re
{

Y1 [J0(k0R1) − jN0(k0R1)]
(

jY1

2Z0
[J−1(k0R1)

−jN−1(k0R1) − J1(k0R1) + jN1(k0R1)])∗
}

= Y2
1
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}
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Similarly, the sound intensities for reflected and transmit-
ted waves can be derived as
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2Z0

{
N0(k0R1)J

′
0(k0R1) − J0(k0R1)N

′
0(k0R1)

}
,

(7a)
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(7b)

where J0(k0r) and N0(k0r) are the zero-order Bessel
and Neumann functions, which satisfy the relationships

H (1)

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

0 (k0r) = J0(k0r) −
jN0(k0r). Thus, corresponding coefficients for sound
energy can be obtained as

R = IrS1
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1
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2

Y2
1
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The absorption coefficient is given by A = 1 − R − T.

III. RESULTS AND DISCUSSION

A. Optimization by GA

It is demonstrated that the channel width and length of
a FPR are vital to decorate its externally observable dis-
sipated loss, radiated loss, and resonant frequency [26].
Specifically, w1 and w2 determine the loss and radiation
of FPR1 and FPR2; lc1 and lc2 influence the corresponding
resonant frequencies; lt characterizes the coupling inten-
sity between two adjacent FPRs. Hence, it necessitates to
cautiously decorate these geometric parameters to maxi-
mize the absorption at a prescribed frequency, i.e., 260
Hz in this work for illustration, which is cumbersome
in traditional parametric-sweeping manner even with the
guidance of empirical knowledge. Factually, it is typi-
cally an inverse-design problem, which aims to determine
the optimal structure from the targeted sound response.
Hence, we here adopt GA, a metaheuristic inspired by the
rule of natural selection, to optimize geometric configu-
rations [43,48]. As a type of evolutionary algorithm, GA
can capture global optima by using bioinspired operators
containing selection, crossover, and mutation, in which
many strategies maintaining the randomness and diver-
sity in a population may overcome the local optimum
trap of a gradient-based algorithm such as topology opti-
mization [49] and an adjoint variable algorithm [50,51].
Moreover, unlike a data-driven deep-learning algorithm
[52], evolutionary-based GA does not need to produce a
gigantic amount of well-labeled datasets. Additionally, due
to its gradient-free methodology, GA can address problems
with discrete parameters [43,48].

The optimization process is illustrated in Fig. 2(a). GA
starts from randomly generating the initial population (the
total number of population is 6000 here), and each can-
didate solution is regarded as a chromosome coded by
binary-value (0 and 1) gene. Each gene contains the val-
ues of physical parameters to be optimized (including w1,
w2, l1, l2, and lt). Then, a fitness function is defined as
the absorptance at prescribed frequency, and the fitness
value of each candidate can be evaluated. Thus, we can
rank the more excellent chromosomes according to the
fitness values from largest to smallest. This step aims to
regulate the gene library for conducting subsequent selec-
tion operation. Here, a roulette wheel method is employed
to select promising chromosomes as the parents for pro-
ducing next generations. Then, the one-point crossover
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operator (crossover rate at 0.6) is employed to produce
the children generations containing the chromosome from
parents and the mutation operator (mutation rate at 0.01)
to produce alternative genes that are not presented in the
original population. Finally, an alternative population is
produced and the fitness can be evaluated, which mathe-
matically maps an iteration process being done. The next
iteration will be continued if the result is not convergence
otherwise terminated.

For visualizing the evolutionary process, we here dis-
tribute two genes (w1 and w2) of therein 300 candidate
solutions at the 1st, 100th, and 600th iteration, as shown in
Fig. 2(b). Initially, the algorithm has no knowledge about
the design space and the populations are randomly span-
ning the full specific range. Over the course of iteration,
the distribution of population gets narrow and converges
to the best solution ultimately (the total iteration number
here is 600), which can be confirmed by the narrowing gap
between the mean and max fitness as presented in Fig. 2(c).
Here, the mean fitness is averaged by the fitness of all
the solutions, whereas the max fitness stands for the best
solution in current populations. After enough iterations,
the mean fitness equals to the max one and the iteration
process is terminated. The optimized geometric parameters
are listed in Table I.

B. Absorption performance and physical mechanism

We here proceed to characterize the DSM with opti-
mized geometrical parameters listed in Table I. The scat-
tering spectra are presented in Fig. 3(a), where the aqua
dashed line (triangles), gray dash dotted line (squares),

TABLE I. Geometric parameters of FPRs (unit, mm).

w1 w2 l1 l2 lt R1 R2

6.6 17.9 318.8 325.9 115 498.5 631.5

and wine solid line (circles) show the reflectance, trans-
mittance, and absorptance calculated by CTMM (FEM).
Here, FEM is conducted by pressure acoustic, frequency
modulus in COMSOL Multiphysics. Complex parameters
including mass density and bulk modulus given by Stin-
son’s model are employed to characterize the viscous and
heat dissipation of FPRs [53]. The scattering coefficients
in FEM are calculated by retrieving the sound pressures at
three radial positions (see Appendix A). It is observed from
Fig. 3(a) that near-zero reflectance and transmittance are
achieved at 260 Hz, suggesting that the sound waves radi-
ated from the center line source can neither be reflected
by nor transmitted through the DSM. Therefore, instead
of merely localizing sound energy inside the structure in
previous works [38,39], the DSM here can almost totally
consume the incident sound energy since the absorptance
of 99.1% in CTMM and 98.9% are achieved.

Figure 3(b) presents the distributions of absolute sound
pressure |p| (upper panel) and total power dissipation den-
sity Qp (lower panel) at 260 Hz. Note that the radiated
sound energy is concentrated in FPR1. Due to the high
energy density, the sound wave is dominantly dissipated by
FPR1 via viscous friction between air particle and FPR1
framework, as illustrated by the Qp distribution. On the
other hand, FPR2 plays the role of an acoustically soft
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FIG. 2. (a) Flow graph of the genetic algorithm. (b) Distributions of w1 and w2 in iteration number at 1, 100, and 600. (c) Mean
(dashed line) and max fitness (solid line) in iterative progress.
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FIG. 3. (a) Reflectance (dashed line, squares), transmittance (dash-dotted line, triangles), and absorptance (solid line, circles) of the
DSM derived from CTMM and FEM. (b) Absolute sound pressure |p| and total power dissipation density Qp distribution at 260 Hz.
(c) Absolute sound pressure (solid line) and velocity (dashed line) distribution along the radial channel [white dashed line in (b)]. (d)
Normalized impedance of FPR1 and FPR2. (e) SPL distribution along the radius.

boundary presenting the sound-pressure node and veloc-
ity antinode [30,35], as confirmed by the distributes of |p|
and v in Fig. 3(c) along the white dashed lines [see inset in
Fig. 3(b)]. Quantitatively, the sound impedance of FPR1
(lines) and FPR2 (symbols) are presented in Fig. 3(d).
Their corresponding relative sound impedances normal-
ized by air are 1.44 − 0.29j and 0.38 − 0.007j at 260 Hz,
confirming the acoustically soft boundary characteristics
of FPR2. Thus, the sound waves encountered to FPR2
will be reflected and then trapped by FPR1 to produce
high-performance absorptions.

Additionally, we depict the profiles of sound-pressure
level (SPL) along the radius in Fig. 3(e), which demon-
strate that SPL at 260 Hz is rapidly attenuated inside the
DSM region, which leads to approximately 28-dB drops
compared with that in free space (without DSM). More-
over, the coincidence between SPL with and without DSM
in region I suggests that sound is hardly reflected. For ref-
erence, SPL at 240 Hz is illustrated in Fig. 3(e), which
demonstrates that the sound energy at the frequency can
hardly be shielded by the structure. We emphasize that in
addition to the ultrasparsity, the DSM is in subwavelength
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FIG. 4. (a) 2D schematics of the conceptual experiment, where p1, p2, and p3 are test points to retrieve sound pressures. (b) Acoustic
spectra derived from the annular structure (lines), the metamolecule in waveguide (open symbols) calculated by FEM and experimental
measurement (solid symbols). (c) Photograph of the experimental setup.

scale as the thickness of 133 mm is approximately 1/10λ

(λ being the wavelength at 260 Hz).

C. Experimental demonstration

In this subsection, experimental proof of the designed
DSM is presented. Considering the intense scattering char-
acteristics of sound low to 260 Hz, we here conduct exper-
imental measurement in a fan-shaped impedance tube for
simplicity. The effectiveness of the measuring method is
firstly proven by a conceptual experiment conducted in
numerical simulation software, as sketched in Fig. 4(a).
In simulations, the acoustically rigid boundary is set on
both lateral sides; plane sound wave is excited from the left
side to simulate a line sound source due to the much larger
wavelength (1.32 m) than the dimension of sound source
(length at 0.03 m); cylindrical wave radiation condition is
applied at the output terminal. The scattering coefficients
are achieved by substituting the retrieved sound pressures
at points p1, p2, and p3 into Eqs. (A3) and (8). Acoustic
spectra derived from the annular structure and the meta-
molecule in the waveguide are presented by lines and open
symbols in Fig. 4(b), which show excellent consistence
confirming the effectiveness of the proposed measurement
method in the impedance tube.

Physical experimental setup is depicted in Fig. 4(c).
The DSM sample fabricated by epoxy resin is sandwiched
inside the 2D plexiglass waveguide with wall thickness of
10 mm. Cone-shaped sound porous materials with a length
of 1.5 m is placed at the terminal to function as an anechoic
boundary. In experiments, the input signals are gener-
ated by an arbitrary waveform generator (NI PXI-5421)
and amplified by an audio power amplifier (YAMAHA
P2500S), which is then fed by a loudspeaker (Peerless
TC6WD0104) to produce sound radiations. Sound pres-
sures are recorded by 1/4-inch condenser microphones
(GRAS 40PH) at designated positions, which are col-
lected by dynamic signal acquisition board (NI PXI-4498)
with LabVIEW program and postprocessed in the MAT-
LAB package. The fabricated DSM experimentally demon-
strates 98.2% absorptance at 260 Hz [see the symbols
in Fig. 4(b)], which is of good consistence with that in
numerical simulations. To this end, an ultrasparse DSM is
experimentally realized.

D. DSMs with varied filling ratios

We emphasize that the perfect absorption mechanism is
applicable to DSMs with varied filling ratios. As demon-
strations, we here have optimized three DSMs with filling
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FIG. 5. Realizations of DSMs with varied filling ratios at (a)
40%, (b) 30%, and (c) 20%. The left and right panels are for 2D
schematics and corresponding acoustical performances.

ratios of air channel at η=40 % (β = 8◦), 30 % (β = 6◦),
and 20 % (β = 4◦), as presented in Fig. 5. The left pan-
els depict the 2D top view of metamolecules (marked as
DSM1, DSM2, and DSM3, respectively) with correspond-
ing geometrical parameters listed in Table II. The results
show that perfect absorption is achieved at 260 Hz in all the
three configurations. Although sparsity is decreased from
DSM1 to DSM3, the structure goes deeper subwavelength
as the corresponding thicknesses are 110 mm (1/12λ), 85
mm (1/15.5λ), and 70 mm (1/18.8λ), respectively.

TABLE II. Geometric parameters of FPRs (unit, mm).

w1 w2 l1 l2 lt R1 R2

DSM1 6.8 17.8 319 326 89 498.5 608.5
DSM2 6.7 17.5 318.8 326 67.6 498.5 583.5
DSM3 6.4 15.7 319 326 54.5 498.5 568.5

E. Designing a broadband DSM

The diagram is further extended to design a broadband
DSM. The inset of Fig. 6(b) depicts the 2D top view of the
designed broadband DSM metamolecule, which is consti-
tuted by four FPRs. Here, the distances from FPR2 to FPR3
and FPR3 to FPR4 are defined as lt1 and lt2, respectively;
other parameters are named the same way as in Fig. 1.
The fitness function is set as the sum of absorption coeffi-
cients at 260, 275, and 290 Hz. The optimized parameters
[w1, w2, w3, w4, l1, l2, l3, l4, lt, lt1, lt2] are obtained as
[5.7, 5.7, 7.8, 17.7, 291, 305, 319, 326, 20, 50.2, 95.1]
mm. Figure 6(a) presents the reflectance, transmittance,
and absorptance of the optimized broadband DSM, which
demonstrates that > 80% absorption can be achieved from
257 to 289 Hz. The minor deviation in spectra width may
arise from multiple effects induced by the real lab measure-
ment environments that differ from those of the simulation
settings, including the fabrication error of sample, finite
wall thickness of the channel, limited length of the sponge,
and insufficient distance between the sample and sponge
layer. As for the sound insulating performance, we here
investigate the sound transmission loss (STL) given by
20log10|tp |, as presented in Fig. 6(b). It is demonstrated
that approximately > 10 dB transmission loss (the aver-
age value in experiment is 13 dB) can be achieved at the
frequency range. Moreover, the absorption bandwidth can
be further extended by hybridizing more resonant atoms
connected in a cascade manner (see Appendix B). The
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FIG. 6. (a) Acoustic spectra for a broadband DSM. (b) Sound
transmission loss along with frequency. Inset: 2D view of the
constructed broadband DSM.
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broadband absorption and insulation characteristics may
supply more possibilities in realistic applications.

IV. CONCLUSION

To conclude, an ultrasparse sound metacage that can
completely consume sound radiations and allow airflow to
circulate is established and optimized by introducing an
inverse-design methodology. The perfect absorption orig-
inates from the effective coupling between a dissipated
meta-atom and an acoustically soft boundary with their
geometric parameters being optimized by GA. For experi-
mental characterization, a measurement method conducted
in a fan-shaped impedance tube is developed. The exper-
imental results agree well with that derived by CTMM
and FEM. Prototype DSMs showing varied filling ratio
and broadband operation band are demonstrated to extend
its practical scenario. Our proposal provides a perspec-
tive to develop ventilated absorbers for low-frequency
sound.
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APPENDIX A: SPECTRA IN FINITE-ELEMENT
METHOD

To derive the acoustic scattering spectra (including
reflectance, transmittance, and absorptance) of an annular
structure excited by a line source at its center, as presented
in Fig. 7, it necessitates retrieving sound pressure in three
radial positions. Here, sound pressures in circles with radii
of r1, r2, and r3 are retrieved. According to the rigorous
scattering theory, sound pressures can be expressed as

p1 = X1H (1)

0 (k0r1) + Y1H (2)

0 (k0r1), (A1a)

p2 = X1H (1)

0 (k0r2) + Y1H (2)

0 (k0r2), (A1b)

p3 = Y2H (2)

0 (k0r3). (A1c)

Here, the coefficients X1, Y1, and Y2 can be determined

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)
,

(A2a)

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)
,

(A2b)

Y2 = p3

H (2)

0 (k0r3)
. (A2c)

Thus, we obtain the reflection and transmission coeffi-
cients of sound pressure

rp = X1

Y1
= H (2)

0 (k0r2)p1 − H (2)

0 (k0r1)p2

H (1)

0 (k0r1)p2 − H (1)

0 (k0r2)p1
, (A3a)

tp = Y2

Y1
= p3

H (2)

0 (k0r3)

× H (1)

0 (k0r1)H
(2)

0 (k0r2) − H (2)

0 (k0r1)H
(1)

0 (k0r2)

H (1)

0 (k0r1)p2 − H (1)

0 (k0r2)p1
.

(A3b)

By substituting Eq. (A3) into Eqs. (6)–(8), the scattering
spectra for sound energy can be derived.

APPENDIX B: EXTENDED BROADBAND
ABSORPTION

It is predicable that absorption bandwidth can be further
extended if more resonant atoms connected in a cascade
way are hybridized. As a demonstration, we here design
a broadband DSM by integrating six FPRs, as sketched in
Fig. 8(a). The optimized parameters are listed as follows:
the channel widths of the resonators [w1, w2, w3, w4, w5,
w6] = [5.6, 4.8, 5.4, 8.7, 8.7, 20] mm; the channel lengths
[l1, l2, l3, l4, l5, l6] = [262, 275, 290, 304.5, 319.2, 322] mm,

p1 p2

p3

r1 r2
r3

I

II

FIG. 7. 2D view of an annular structure excited by a line sound
source located at its center. r1, r2, and r3 are radii at which sound
pressures are retrieved.
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FIG. 8. (a) 2D view of the broadband DSM showing > 80% absorption ranging from 260 to 321 Hz. (b) Scattering spectra of the
broadband DSM.

and the interval distances between resonators [lt, lt1, lt2, lt3,
lt4] = [15.3, 18.5, 44.4, 61, 101] mm. The total thickness
of the DSM in this case is 262 mm. Figure 8(b) presents
the scattering spectra of the broadband DSM, where lines
and symbols correspond to the results achieved by CTMM
and FEM. It is demonstrated that > 80% absorption within
frequency range from 260 to 321 Hz is achieved, which is
wider than that achieved by four FPRs (see Fig. 6).
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