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Abstract

The use of sound absorption materials has traditionally been restricted to medium-to-high
frequencies due to their limitations at low frequencies, where the large wavelength of
sound waves imposes rather bulky solutions. However, recent materials and designs allow
for the absorption of sound waves with more practical sizes and weights, reviving interest
in this frequency range. Some of these low-frequency absorbers, also named acoustic
metamaterials or sub-wavelength sound absorbers, based on microperforated panels, are
reviewed in this article. These include multilayer and multicavity microperforated panels,
hybrid passive–active absorbers, multiple Helmholtz resonators, and microperforated
panels with labyrinthine cavities or sonic black holes.

Keywords: sound absorption; sound absorbing materials; microperforated panels;
low frequency

1. Introduction
Acoustic energy can be lost or escape from a sound field through absorption due

to dissipative processes (mainly viscous and thermal dissipation). The range that sound
can travel in open spaces is limited by air absorption and by interaction with boundaries
(scattering and reflection). In many applications, sound-absorbing materials (SAM) are
used for noise control applications and acoustic conditioning in halls by transforming
sound waves into heat energy.

The first-generation SAM, most used in noise control applications, are porous materials
and Helmholtz resonators (HR). Porous materials consist of a rigid or flexible frame filled
with many air cavities (pores). The pores can be open or closed. Open-pore rigid-frame
porous materials are the most commonly used absorbers in acoustic buildings. Porous
absorbers are classified as fibrous (mineral wool), cellular (foams), or granular. A porous
SAM is characterized by its constitutive parameters: porosity, flow resistivity, tortuosity, etc.
The calculation of the sound absorption coefficient is carried out through an impedance
model. An impedance model calculates the acoustic variables (acoustic impedance and
propagation constant) as a function of the constitutive parameters of the SAM [1].

Impedance models can also be used to estimate the constitutive parameters of SAM
from sound absorption measurements (inverse estimation). Simulated annealing, for
instance, is a very appropriate technique for optimizing the constitutive parameters of a
SAM for maximum sound absorption [2].
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There are empirical, phenomenological, and microstructural models [3]. Microstruc-
tural models solve the wave equation in the medium, considering its complex structure, and
are variations of the Biot model [4]. Finite element techniques can be applied to solve the
resulting equations of the Biot model. The phenomenological approach models the material
as a compressible fluid where dissipation occurs through viscous and thermal effects, due
to particle velocity gradients and thermal gradients, respectively. The most well-known
phenomenological model is the Johnson–Allard–Champoux (JAC) model [4]. On the other
hand, empirical models fit the impedance and propagation constant of the SAM to the
constitutive parameters using empirical data. The most widely used semi-empirical model
is the Delany–Bazley model [5].

Helmholtz resonators (HR) were proposed to provide narrowband absorption [6]. An
HR consists of a cavity opened by a hole, also known as the neck. The acoustic impedance
of an HR consists of the compliance of the volume in the cavity plus the impedance of
the neck (with a resistive term, associated with the radiation resistance of the hole, and a
reactive term, due to movement of the air in the neck). The absorption coefficient of an
HR is a narrowband curve with a peak at a frequency that depends on the diameter and
thickness of the hole and the volume of the cavity. The larger the product of cavity volume
and neck thickness, the lower the resonance frequency. HR are currently employed in many
noise control applications, including room acoustics, aircraft, vehicles, payload fairings, and
mufflers [6]. In addition, modifying the neck design of conventional Helmholtz resonators
(HR) shifts the resonance to lower frequencies, even with moderate air volumes.

For numerous noise control applications, porous materials perform sound absorption
at a reasonable cost. However, in many applications requiring strict cleanliness (food
industry or clean rooms used for the production of microelectronic devices) and healthcare
(hospitals) conditions, they can be discouraged as they can potentially release particles.
These materials are also not recommended in engine exhaust tubes, since the flow of high-
velocity gases can drag the porous material [7]. This encouraged the development of a
second-generation absorber, named microperforated panel (MPP) [8,9]. An MPP consists of
a panel of thickness t, perforated with circular holes of sub-millimetric diameter d, with an
open surface/total surface ratio, or porosity, ϕ. The acoustic impedance of this MPP, Z1, is
complex with resistive and reactive components. This MPP will provide significant sound
absorption when its Z1 is matched to the real air impedance, Z0. Therefore, to counteract
the reactive part of Z1, an additional imaginary impedance is needed. This imaginary
impedance is yielded by an air cavity of thickness D. Thus, a single-layer MPP (SL-MPP) is
obtained, whose frequency band can be tuned by the proper choice of the parameter series
(d, t, ϕ, D). Furthermore, SL-MPPs are suitable for aesthetic designs [10].

The absorption coefficient of a device can be directly obtained from its input impedance.
The most prominent models for the acoustic impedance of an MPP are the Maa model [8,9]
and the equivalent fluid (EF) model [11]. The Maa model adds to the hole impedance
(first proposed by Crandall), the impedances of the edge (suggested by Ingard), and
the air cavity. The EF model also uses the Crandall impedance for holes, but the edge
impedance is calculated using tortuosity, as in the porous materials modeling. The acoustic
impedance of an MPP contains resistive and reactive terms. The resistance comes from
viscous losses due to the relative displacement between layers in the hole, which move
at distinct velocities, and from flow distortion at the edges. The reactive term contains
losses due to the movement of an air cylinder that is longer than the thickness of the orifice,
making it heavier and more difficult to move.

Figure 1 illustrates the absorption curve of an SL-MPP with D = 20 mm and different
combinations of the (d, t, ϕ) parameters. An MPP over-perforated with very small holes
provides an absorption curve of more than two octaves displaced toward high frequencies
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(blue curve). As the hole diameter increases and the perforation ratio decreases, the
absorption curve becomes narrower and moves to lower frequencies (red and orange
curves). Eventually, when the panel is perforated with a single, larger hole, the SL-MPP
becomes an HR (magenta curve).
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Figure 1. Sound absorption of a SL-MPP for D = 20 mm and different values of (d, t, ϕ).

The absorption frequency band of a SL-MPP can, of course, be moved to lower
frequencies by increasing the cavity depth D. But this provides a bulky, non-practical
absorber for most noise control applications. Therefore, SL-MPP also offers limited low-
frequency absorption. Multi-layer MPP (ML-MPP) and multi-cavity MPP (MC-MPP)
structures can be used to move the absorption curve towards the low-frequency side while
providing broadband absorption. These structures are reviewed in Section 2.

The need for sound absorption at low frequencies and the inherent limitations of
first- and second-generation SAMs have encouraged research on third-generation SAMs,
especially aimed at designing limited thickness materials for sound absorption in the
frequency range below 400–500 Hz. For instance, the λ/4 condition for a classical SAM at
200 Hz requires a thickness of roughly 43 cm, which is too bulky for most noise-control
applications. Since these third-generation absorbers aim to provide sound absorption with
much smaller thickness, they are also called sub-wavelength absorbers. Other names for
these SAMs include intelligent materials or acoustic metamaterials [12–15], absorbers with
space coiling or labyrinthine structures [16], sonic black holes [17], and others. Most of these
materials are hybrid structures, such as HR combined with MPP [18], honeycomb with
perforated faceplates [19,20], MPP with labyrinthine cavities [21–23], and others [24–26].
Some of these third-generation low-frequency absorbers using hybrid structures based on
MPPs will be reviewed in Sections 3–6.
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2. ML-MPP and MC-MPP for Sound Absorption at Low Frequencies
The SL-MPP absorption frequency bandwidth can be widened by designing a multi-

layer MPP (ML-MPP) [27]. Figure 2 shows a sketch of such an ML-MPP of N layers. In an
ML-MPP, the overall acoustic impedance is the series combination of each single MPP.
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…

…
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DN−1 

DN 

(d1,t1,φ1) 
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(dN,tN,φN) 

Figure 2. Sketch of a ML-MPP composed of N layers of constitutive parameters (dn, tn, ϕn, Dn).

According to the Equivalent Fluid model [4], the acoustic impedance of each MPP is

ZMPP,n = i
ωρ0α∞,ntn

ϕn

1 +
σnϕn

iρ0ωα∞.n

(
1 + i

4ωρ0α2
∞,nµ

σ2
nϕ2

nr2
n

) 1
2
, (1)

where (rn = dn/2, tn, ϕn), for n = 1,. . .,N, are the parameters of each MPP,

σn =
8µ

ϕnr2
n

, (2)

is the flow resistivity in the holes, µ is the air viscosity, and

α∞,n = 1 +
0.85dn

tn
. (3)

For the ML-MPP of Figure 2

ZD,N = −iZ0cot(kDN), (4)

ZN = ZMPP,N + ZD,N , (5)

ZN−1 = ZMPP,N−1 + Z0
ZNcos(kDN−1) + iZ0sin(kDN−1)

Z0cos(kDN−1) + iZNsin(kDN−1)
, (6)

and finally

Z1 = ZMPP,1 + Z0
Z2cos(kD1) + iZ0sin(kD1)

Z0cos(kD1) + iZN2sin(kD1)
, (7)

where D1, D2, . . ., DN are the air cavities’ thicknesses, k is the air wavenumber, and
ZMPP,1, ZMPP,2, . . ., ZMPP,N are the acoustic impedances of the first, second, and N-th
MPPs, respectively, given by Equations (1)–(3). These equations allow one to obtain the
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input impedance Z1 of the ML-MPP. The normal incidence reflection, R, and absorption, α,
coefficients are

R =
Z1 − Z0

Z1 + Z0
, (8)

α = 1 − |R|2. (9)

However, a recent proposal suggested the possibility of moving the absorption curve
towards the low-frequency side by a parallel combination of multiple MPP [21]. This
provides the multiple-cavity MPP (MC-MPP) shown in Figure 3. It consists of N MPP,
with parameters (dn, tn, ϕn), n = 1, . . ., N, located side-by-side, with a partitioned back
cavity of thickness D. Let S1, S2, . . ., SN, and S be the areas of sub-cavity 1, sub-cavity 2, . . .,
sub-cavity N, and total cavity, respectively.

pi Pr 

D …………

S 
S1 S2 SN 

MPP1(d1,t1,φ1) MPP2(d2,t2,φ2) MPPN(dN,tN,φN) 

Figure 3. Sketch of an MC-MPP of thickness D with parameters and constitutive parameters (dn, tn,
ϕn). The cavity of total surface S is partitioned into sub-cavities of surfaces S1, S2, . . ., SN.

The input impedance, Z1, of this MC-MPP is

1
Z1

= ∑N
n=1

An

ZMPPn + ZD
, (10)

where
An =

Sn

S
, (11)

and ZMPP,n and ZD, are given by Equations (1) and (4), respectively.
Therefore, an N-layer MPP depends on 4N parameters (dn, tn, ϕn, Dn) whilst an N-

cavity MPP depends on 4N + 1 parameters (dn, tn, ϕn, Sn) plus D. Their performance as
acoustic absorbers can be optimized by simulated annealing [28].

As an example, let us compare the performance of a 4-layer MPP and a 4-cavity MPP,
both with a total thickness of 50 mm. For the 4-layer MPP, all cavities have the same
thickness, Dn = 12.5 mm. For the 4-cavity MPP, the four MPPs have the same tn = 3.5 mm.
Figure 4 shows the absorption curves of both 4-layer and 4-cavity MPPs optimized to
provide maximum absorption in the frequency band (200, 800) Hz. The mean sound
absorption in this frequency band of the 4-layer and 4-cavity MPPs were 75.5% and 79%,
respectively. Clearly, the 4-cavity MPP outperforms the sound absorption of the 4-layer
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MPP at low frequencies, at the cost of lower absorption at high frequencies. At 241 Hz, the
frequency of half absorption, the 4-cavity MPP is a deep sub-wavelength (λ/28) absorber.

 
Figure 4. Absorption curves of a 4-layer MPP with equal cavities Dn = 12.5 mm (Dtotal = 50 mm) and
parameters (d1, t1, ϕ1, d2, t2, ϕ2, d3, t3, ϕ3, d4, t4, ϕ4) = (0.3 mm, 2.1 mm, 3.6%, 3.2 mm, 3.1 mm, 8.5%,
0.6 mm, 1.9 mm, 6.8%, 0.5 mm, 4.4 mm, 13.6%) and a 4-cavity MPP with S1 = S2 = S3 = S4 = S/4,
Dtotal = 50 mm and parameters (d1, t1, ϕ1, d2, t2, ϕ2, d3, t3, ϕ3, d4, t4, ϕ4) = (0.8 mm, 3.5 mm, 1.4%,
0.6 mm, 3.5 mm, 5%, 1 mm, 3.5 mm, 0.8%, 0.6 mm, 3.5 mm, 2.7%).

The above results for 4-layer versus 4-cavity MPP can be extended to other multiple
structures. Tables 1 and 2 summarize the parameters of 2L-MPP versus 2C-MPP and
3L-MPP versus 3C-MPP, respectively, optimized to provide maximum absorption in the
frequency band of (200, 500) Hz, with a total thickness of D = 5 cm. The average sound
absorption in this frequency range, <α>, is also included for comparison. In both cases, the
MC-MPP outperforms the ML-MPP in this frequency range.

Table 1. Parameters of 2L-MPP and 2C-MPP optimized for maximum absorption in the frequency
band (200, 500) Hz with total thickness D = 5 cm.

2L-MPP

d1 (mm) 1

2C-MPP

d3 (mm) 0.815
t1 (mm) 6.2 t3 (mm) 2.52
ϕ1 (mm) 1.58 ϕ3 (mm) 0.5
D1 (cm) 3.91 A3 0.5
d2 (mm) 1.76 d4 (mm) 0.635
t2 (mm) 6.76 t4 (mm) 2.52
ϕ2 (mm) 0.29 ϕ4 (mm) 1.19
D2 (cm) 1.09 A4 0.5

<α> 0.55 <α> 0.61
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Table 2. Parameters of 3L-MPP and 3C-MPP optimized for maximum absorption in the frequency
band (200, 500) Hz with total thickness D = 5 cm.

3L-MPP

d1 (mm) 0.5

3C-MPP

d4 (mm) 0.94
t1 (mm) 6.5 t4 (mm) 5.4
ϕ1 (%) 2.23 ϕ4 (%) 1.39

D1 (cm) 2 A4 0.33
d2 (mm) 1.58 d5 (mm) 0.9
t2 (mm) 5.0 t5 (mm) 5.4
ϕ2 (%) 9.9 ϕ5 (%) 2.57

D2 (cm) 2 A5 0.33
d3 (mm) 1.62 d6 (mm) 1.92
t3 (mm) 5 t6 (mm) 5.4
ϕ3 (%) 9.6 ϕ6 (%) 5.49

D3 (cm) 1.0 A6 0.33
⟨α⟩ 0.59 ⟨α⟩ 0.63

3. Hybrid Passive–Active Absorbers Based on MPP
These acoustic absorbers provide effective strategies for the reduction and dissipation

of sound at low frequencies. Hybrid passive–active sound absorption systems can combine
passive absorption at medium-to-high frequencies, provided by MPP materials [29], with
the active absorption at low frequencies, provided by an active control system. This class
is included in this Review because the passive layer remains MPP-based, while the active
component extends the low-frequency absorption range beyond what the passive structure
alone can provide.

Figure 5 shows the experimental setup for the measurement of the hybrid passive–
active absorption of an acoustic material. It consists of an impedance tube modified to
implement the transfer function method with active absorption. In addition to the two
measurement microphones for the transfer function method (m1, m2), a third microphone,
m3, is located in the air cavity behind the material sample. The hard back wall is replaced
by an active secondary source, which can be either a loudspeaker or a plane actuator [30].
The primary wave field is set inside the duct by the primary loudspeaker. An adaptive
filter, implementing the FX-LMS algorithm [31], uses the reference and control signals
from the microphone m3 in the cavity to feed the control signal to the secondary source to
minimize the error signal (pressure-release control condition [30]). Under this condition, the
measurement of the absorption coefficient is carried out by the transfer function method [32]
using the signals recorded by microphones m1 and m2.

Figure 6 shows the sound absorption performance of one of these hybrid passive–
active systems. It consists of an MPP with an air cavity 45 mm deep. Thus, the total
thickness of the passive system is 45 mm. Passive-only (blue) and active-only (red) absorp-
tion curves are also shown for comparison with passive–active absorption (green). The
average hybrid passive absorption in the frequency band of (200, 1600) Hz was 94%. In this
case, the length of the hybrid passive–active absorber at 200 Hz was λ/38. Therefore, this
hybrid passive–active system also functions as a deep sub-wavelength structure.

Thus, hybrid passive–active systems provide an appropriate structure to achieve high
absorption over a broadband frequency range with reduced thickness. The passive part
(MPP) provides absorption at medium-to-high frequencies. The intrinsic limitation of
absorption performance at low frequencies is overcome by using an active system that
implements the pressure-release condition just behind the passive layer.
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Figure 5. Experimental setup for the measurement of the hybrid passive–active sound absorption
in a tube impedance. A primary loudspeaker at one end of the tube generates the sound. The
passive absorber is assembled on the opposite side of the tube. Microphones m1 and m2 are used to
measure the sound absorption by the transfer function method. The active system includes an error
microphone m3, just behind the absorber, a secondary loudspeaker, at the opposite end of the tube,
and an adaptive filter.

 
Figure 6. Passive (red curve), active (red curve), and hybrid passive–active (green curve) sound
absorption with an MPP of parameters (d, t, ϕ) = (3 mm, 3 mm, 10%) and an air cavity of thickness
45 mm.
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4. Multiple Helmholtz Resonators
The sound absorption performance of conventional HR can be improved in the low-

frequency range either by designing extended necks that shift the resonant frequencies to a
lower range or by assembling units that broaden the absorption frequency band [19]. They
can also be combined with MPP to improve their absorption at higher frequencies.

A single Helmholtz resonator (SHR) consists of a hole of diameter d and length t (the
neck) inserted in a cavity of depth D and width L, as shown in Figure 7a. By partitioning
the cavity into N sub-cavities, with a hole in each of them, a multiple Helmholtz resonator
(MHR) is obtained, Figure 7b.

(a) SHR (b) MHR 

L 

D 

(d,t) 

Figure 7. (a) Single HR with depth D, width L and orifice of diameter d and length t, and (b) multiple
HR with the cavity partitioned into N sub-cavities.

Since an MHR consists of N parallel-connected SHR, its acoustic impedance is

Z1 =
1

∑N
1

1
Zn

, (12)

where Zn are the acoustic impedances of each SHR, given by

Zn = Zhn + Zcn, (13)

being Zhn and Zcn, the acoustic impedances of the holes and the cavities of each SHR.
Mathematical equations for Zhn and Zcn can be found in many acoustic books [3,4]. Bi

et al. [33] proposed the equations

Zhn = i
ωρ0ln

ϕn

[
1 −

2B1
(
ηn
√
−1
)(

ηn
√
−1
)

B0
(
ηn
√
−1
)]−1

+

√
2µηn

ϕndn
+ i

0.85ωρ0djn

ϕn
, (14)

and
Zcn = −iZcecot(kceDn), (15)

where B0 and B1 are the zero and first-order Bessel functions, ϕn is the perforation ratio

ϕn =

(
dn

Dn + 2tn

)2
, (16)
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ηn is the perforation constant

ηn = dn

√
ρ0ω

4µ
, (17)

µ is the air viscosity (1.8 × 10−5 Pa s), dn and tn are the diameter and thickness of
each hole, Dn is the thickness of the cavity, and Zce and Kce are the effective characteristic
impedance and effective transfer constant in the aperture [33].

The absorption coefficient of the MHR, as in Equation (9), will be

α = 1 −
∣∣∣∣Z1 − Z0

Z1 + Z0

∣∣∣∣2, (18)

being Z0 = ρ0 c0 the air impedance.
Therefore, the sound absorption of an MHR depends on the thickness of the aperture

tn, the diameter of the perforated hole dn, the thickness of the cavity Dn, the perforation ratio
ϕn of each SHR, and the total number of single Helmholtz resonators N. If all SHRs have the
same parameters, there will be just one resonance peak. These parameters could be adjusted
to get multiple resonance peaks, which in turn increases the absorption bandwidth [34].

Peng et al. [19] showed that these MHRs can also be modeled as MPPs with a parti-
tioned honeycomb cavity. They called this absorber a composite honeycomb metasurface
panel (CHMP). Other names for this absorber are microperforated honeycomb metasurface
panel (MHMP) [35] and honeycomb microperforated plate (HMPP) [36]. As an example,
Figure 8 shows the theoretical sound absorption coefficient of a CHMP of 9 SHR optimized
to provide maximum absorption between 250 Hz and 600 Hz.

 

Figure 8. Sound absorption of a CHMP containing 9 SHR. All SHR have the same t = 0.3 mm, and
D = 50 mm, and hole radii rn = dn/2 = [0.4, 0.4, 0.4, 0.5, 0.5, 0.6, 0.7, 0.8, 1] mm.

The CHMP has a constant panel thickness (t = 0.3 mm), a cavity depth (D = 50 mm),
and hole radii rn = dn/2 = [0.4, 0.4, 0.4, 0.5, 0.5, 0.6, 0.7, 0.8, 1] mm. The mean absorption in
this frequency band was 88%.
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This model has been extrapolated to other similar geometries by many authors [37–39].
For instance, a multiple structure of three-embedded single HR was able to provide sound
absorption in the frequency band of (250, 430) Hz with a total cavity thickness of 69 mm [40].

Notice that the above-discussed modified HRs increase the frequency band of ab-
sorption, but they are still limited in providing absorption in a wideband, including both
low and high frequencies. To this end, Almeida et al. [18] proposed a hybrid acoustic
material consisting of a hybrid HR + foam structure. They obtained an absorber with an
average absorption of 49.3% in the frequency range between 100 Hz and 3600 Hz, with a
total thickness of 65 mm. Zhang and Xin [41] further explored the proposal of a hybrid
multiple HR + porous liner structure. Every unit consisted of a single HR (similar to that of
Figure 7a), with internal walls lined with polyurethane foam. A multiple structure with six
of these single hybrid HR + foam units, with a total thickness of 50 mm, provided almost
perfect absorption (α > 0.9) in the range of (280, 500) Hz, which corresponds to almost an
octave, for a λ/24 sub-wavelength absorber.

Therefore, the final absorption of an MHR is mainly carried out by the resonance effect
of each SHR and assisted by the coupling effect between different resonators [42]. This
MHR can be combined either with MPPs or with a porous absorber to provide absorption
performance in a rather wideband, which makes it suitable for practical applications in
noise control and sound conditioning in halls.

5. MPP Combined with Coiled-Up Cavities
In both SL-MPP and SHR absorbers, the air cavity depth and the frequency of the

absorption peak are correlated. The larger the cavity depth, the lower the frequency peak.
For this reason, these absorbers are too bulky for low frequencies. However, the frequency
of the peak can be lowered by designing coiled-up or labyrinthine cavities. This affords
sub-wavelength absorbers, which are very useful for low-frequency sound absorption with
reduced thickness [42–44]. These absorbers consist of a perforated plate (hole, slit, MPP)
over a labyrinthine cavity. Table 3 summarizes distinct combinations of perforated plates
and cavities.

Table 3. Distinct structures, with different opening and cavity geometries, for acoustic absorbers with
labyrinthine cavities.

Opening Cavity References

Circles, slits, or holes with other geometries Coiled-up channels [43–49]
MPP Coiled-up channels [22,23,50]
MPP Conch-like [24,51]

Holes, slits Spiral-like, arch-like, and others [52–56]

5.1. Symmetrical Coiled-Up Cavities

Figure 9 shows the geometry of one of them, consisting of a slit over a symmetrical
coiled-up cavity. The acoustic impedance of this absorber is [43]

Z1 =

(
Zp + ξ1Ze1

)
×
(
Zp + ξ2Ze2

)
Zp + ξ1Ze1 + ξ2Ze2

, (19)

where Zp is the acoustic impedance of the perforated plate, Ze1 and Ze2 are the acoustic
impedances of the coiled-up channels, and ξi = S0/Si, i = 1, 2, is the area modifying factor
maintaining the conservation of the volume velocity flow [16]. In this case, S0 and Si are
the areas of the unit cell and the coiled-up channels, respectively.

https://doi.org/10.3390/acoustics8020035

https://doi.org/10.3390/acoustics8020035


Acoustics 2026, 8, 35 12 of 20

h 

m 

Leff 

a 

a 

Figure 9. Geometry of an acoustic absorber with a slitted opening and a double coiled-up symmetrical
cavity. Symmetrical coiled-up channels have a width, a. Leff is the effective length of propagation.

The acoustic impedance of the perforated plate with slits, Zp, can be obtained with the
equation of the EF model (Equation (1)), with (d, t, l) being the slit width, thickness, and
length, and ϕ the equivalent porosity (open surface/total surface) [57].

The acoustic impedances of the coiled-up cavities are

Ze1 = Ze2 = −i

√
ρeq

Ceq
cot
(

ω
√

ρeqCeqLe f f

)
, (20)

where Leff is the effective propagation length, and ρeq and Ceq are the complex density
and compressibility functions, respectively. Appropriate equations for these functions
in specific coiled-up cavities, assuming that plane waves propagate in the symmetrical
labyrinth, can be found in [16]. Table 4 summarizes the cross-sectional space width of the
passage between coiled-up cavities (a in Figure 9), the effective length, the half-absorption
bandwidth (f 1, f 2), and the absorption peak (fp) for a cell with a panel with a slit of
(d, t, l) = (0.38 mm, 2.4 mm, 13 mm), and a cavity of depth 36 mm and back surface of
(45 mm × 16 mm) subdivided in n = 5, 7, 9 and 11 coiled-up spaces.

Table 4. Cross-sectional space width between coiled-up passages with cavity depth of 36 mm (a),
effective propagation length (Leff), absorption bandwidth and absorption peak of a labyrinthine
absorber with a different number of coiled-up spaces n.

n = 5 n = 7 n = 9 n = 11

a (mm) 8.0 5.43 4.0 3.1
Leff (mm) 131.7 167.2 202.8 238.7

(f 1, f 2) (Hz) (260, 468) (250, 390) (235, 330) (215, 285)
fp (Hz) 340 315 278 245

Leff depends on the number of coiled-up spaces. The larger this number, the greater
the effective length and the lower the frequency peak of the absorption curve [16]. This
slotted panel, combined with a coiled-up cavity, is a sub-wavelength absorber. For instance,
in the design with n = 11, the absorption peak at 245 Hz corresponds to a λ/39 absorber.
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5.2. Multicoiled Metasurfaces

Other authors have proposed similar geometries with multi-coiled-up cavities. Table 5
summarizes some of the absorption frequency bands provided by these authors, with the
corresponding total thicknesses of the absorbers. All of them exhibit deep sub-wavelength
absorption performances.

Table 5. Absorption frequency bands and total thicknesses of some multi-coiled-up cavities included
in the cited references.

Absorption Frequency Band (Hz) Total Thickness (mm) Reference

(240, 504) 36 [43]
(453, 671) 16 [46]

(450, 1004) 52 [47]
(415, 905) 30 [23]

(450, 1010) 30 [20]
(350, 1000) 51.5 [55]

5.3. Deep Learning Designs

Donda et al. [58] introduced a multi-coiled acoustic metasurface able to provide
almost perfect absorption at ultra-low, narrowband frequencies with ultrathin thickness.
This single multi-coiled structure afforded absorption at 50 Hz with a total thickness of
13 mm (λ/527). Furthermore, a 3 × 3 supercell of these single units, with the same total
thickness, provided absorption higher than 90% in the frequency range of (49, 52) Hz. They
further obtained an even deeper sub-wavelength absorber using a deep-learning-based
metasurface [59]. This improved ultrathin metasurface provided perfect absorption at
38.6 Hz with a total thickness of 13 mm (λ/684).

5.4. Combinations of Coiled-Up Structures with Other Absorbers

If another absorber is added to the coiled-up structure combined with an MPP, the
absorption band can be increased on the high-frequency side. For instance, Panahi et al. [60]
proposed integrating the MPP + coiled-up structure with a Helmholtz resonator with a slit
aperture. The proposed absorber, with a total thickness of 41 mm, provided absorption
in the frequency band of (360, 2200) Hz with a bandwidth-to-thickness ratio of 44.87. The
proposed meta-absorber operated in a sub-wavelength regime corresponding to λ/23.17.
Wang et al. [61], on the other hand, proposed a meta-absorber consisting of an MPP-coiled-
up structure combined with a porous absorber. This metamaterial, with a total thickness of
60 mm, provided an average absorption of 0.8 in the frequency band of (190, 1200) Hz.

6. Sonic Black Holes Based on MPP
A sonic black hole (SBH) is an acoustic metamaterial capable of providing almost full

absorption in a wide frequency band [62]. The standard configuration of an SBH consists
of a discrete set of rings with inner radii that decrease according to the same power law.
Deng et al. [63] analyzed the interesting continuous problem in which the number of rings
becomes very large, in a duct termination with different profiles. They concluded that a
nearly oscillation-free reflection coefficient can be achieved using a long SBH.

An SBH incorporates two physical phenomena: wave-energy focalization and dissipa-
tion [64]. By using, for instance, a duct with an internal diameter that decreases according
to a power–law relationship, the wave velocity of bending-propagating waves can be
gradually decelerated, leading to wavelength compression and energy focalization. Dis-
sipation can be provided by another mechanism, such as viscous and thermal losses in
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microperforated walls and panels. Both of these physical phenomena provide near-perfect
absorption in a wide band, including low frequencies.

The standard SBH tube is made of a sequence of MPPs inside a duct with decreasing
inner radius and separated by cavities of the same depth [65]. The duct is assumed to be
filled with air, and the inserted MPPs are assumed to be rigid. The inner diameter of the
duct (and so the diameters of subsequent MPP) follows a decreasing law variation (linear,
quadratic, etc.).

The performance of a multilayer SBH (ML-SBH) can be compared with that of a
conventional multilayer MPP (ML-MPP) for the case of five layers, Figure 10. In the ML-
MPP, five MPPs of equal diameter, with parameters (di, ti, ϕi, Di), are fitted into a cylindrical
tube. In the ML-SBH, five MPPs of decaying diameter, with parameters (di, ti, ϕi, Di), are
fitted in a conical tube. The input impedance to the ML-SBH, Z1, can also be obtained
by the transfer method from the impedance of the last cavity. Specific equations for the
ML-SBH with MPPs with equal parameters are given by Chen et al. [66]. Explicitly, the
state vector (p, u) at the termination, (pN, uN), and at the entrance, (p1, u1), of the ML-SBH
are related by [

p1

u1

]
=

[
T11 T12

T21 T2

][
pN

uN

]
= T

[
pN

uN

]
, (21)

where T is the total transfer function, given by the product of the transfer functions of each
layer, Tn

1 Tn
2 Tn

3 , specified by

Tn
1 =

[
1 ZMPP,n

Sn
MPP

0 1

]

Tn
2 =

[
cos kDn j Z0

Sn
sin kDn

j Sn
Z0

sin kDn cos kDn

]

Tn
3 =

[
1 0

Yn
cav 1

] , (22)

where ZMPP,n is given by Equation (1), Sn
MPP = π h2

r,n is the area on the n-th MPP,
Sn = π h2

c,n is the cross-sectional area of the region between the MPP and the duct, Dn is
the depth of each n-th cavity, and Yn

cav is the admittance of the toroidal cavity surrounding
the conical cavity

Yn
cav = j

k
Z0

Vn
cav = j

k
Z0

πDn

(
R2 − h2

r,n

)
. (23)

From Equation (20), the input impedance to the ML-SBH is

Z1 = S
p1

u1
, (24)

being S the cross-sectional area of the duct. Once the acoustic input impedance is calculated,
the sound absorption coefficient can be obtained from Equation (8).

Figure 11 shows the absorption coefficient of a five-layer ML-SBH of total length
60 mm, with five inserted MPPs separated by 12 mm, with parameters (d, t, ϕ) = (0.2 mm,
0.2 mm, 4%). The radius of the tube decreases linearly from 30 mm (input surface of the
ML-SBH) to 1 mm (back wall of the ML-SBH).
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Figure 10. Geometry of (a) an ML-MPP, and (b) an ML-SBH, consisting of five MPPs and five cavities,
with the same total thickness D. The MPPs in the ML-SBH have decreasing radius.
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Figure 11. Sound absorption coefficient of a five-layer ML-SBH with total length D = 60 mm, and
five MPP of parameters (d, t, ϕ, D) = (0.2 mm, 0.2 mm, 4%, 12 mm) with linearly decreasing radius
from 30 mm to 1 mm. The sound absorption of a five-layer ML-MPP with the same parameters
(suboptimal) and with parameters optimized for maximum absorption (optimal) is also shown
for comparison.
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The cut-off frequency at α = 0.5 is 312 Hz. Thus, the total thickness of the ML-SBH at
this frequency is λ/18.

Two absorption curves of the ML-MPP with the same total thickness (60 mm) are
also shown for comparison. The first one (green curve) corresponds to the ML-MPP
with the same parameters as the ML-SBH. Specifically, this suboptimal ML-MPP con-
sists of five MPPs with the same parameters (d, t, ϕ) = (0.2 mm, 0.2 mm, 4%) and
equal cavities D = 12 mm. This ML-MPP clearly underperforms the ML-SBH with the
same parameters. The cut-off frequency at α = 0.5 is 538 Hz, and the absorption
curve has several deep peaks and troughs. In the second one (red curve), the param-
eters of each MPP have been optimized by simulated annealing to provide maximum
absorption from 400 Hz to 6 kHz [2]. This optimized ML-MPP also consists of five
equally spaced MPPs but with different constitutive parameters: (d1, t1, ϕ1) = (0.47 mm,
0.37 mm, 7.4%), (d2, t2, ϕ2) = (0.17 mm, 0.6 mm, 4.2%), (d3, t3, ϕ3) = (0.11 mm, 0.46 mm,
4%), (d4, t4, ϕ4) = (0.1 mm, 0.4 mm, 7%), and (d5, t5, ϕ5) = (0.8 mm, 0.17 mm, 5.6%). The
cut-off frequency at α = 0.5 is 458 Hz, which corresponds to λ/12, but the absorption curve
overperforms that of the ML-SBH between 538 Hz and 4342 Hz. Nevertheless, for a fair
comparison between both architectures, the MPP components of the ML-SBH should also
be optimized.

Many of these sub-wavelength designs require extremely small holes. The machining
of such small holes has evolved from the former, very expensive, drilling with laser tech-
nologies to the current, cheaper, 3D printing [67]. A technique, borrowed from advanced
circuitry applications, allows the perforation of very precise holes using epoxy laminates.
Compared with laser technology, this technique reduces the cost of MPP manufacturing by
roughly 1/15 [67].

7. Comparative Discussion
A comparative assessment of the absorption performance of the structures discussed

in Sections 2–6, based on common grounds such as operating mechanism, bandwidth
definition, thickness penalty, or the conditions under which the quoted absorption values
were obtained, is summarized in Table 6.

Table 6. Summary of performance of the low-frequency absorbing structures.

Operating Mechanism Bandwidth Thickness
Subwavelength Conditions

ML-MPP and
MC-MPP

Dissipation by viscous losses in
the minute holes (200, 500) Hz 50 mm

λ/28
MC-MPP outperforms ML-MPP.

Many parameters to optimize

Hybrid passive-active
system

Passive high-frequency
absorption is provided by the

MPP. The active system affords
low-frequency absorption

(200, 1600) Hz 45 mm
λ/38

Requires an active system
(control microphone + secondary

source + adaptive filter) to
implement the active absorption

MHR

Dissipation by viscous losses in
the multiple necks of the SHR,
combined with the coupling

effect between different
resonators

(250, 600) Hz 50 mm
λ/27

Easy design but limited to afford
broadband absorption. Can be

hybridized with other structures
to increase the absorption band

MPP with coiled-up
cavities

Low-frequency absorption is
provided by labyrinthine

cavities, which increase the
effective depth

(215, 285) Hz 36 mm
λ/39

Narrowband sound absorption.
Multi-coiled structures can be

designed to increase the
absorption band

SBH
Dissipation by viscous losses in

the holes plus energy
focalization in the conical tube

(300, 6000) Hz 60 mm
λ/18

Broadband sound absorption. Its
performance depends on many
parameters. Must be optimized
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Since an MPP is the common element in all of these structures, they share the same ab-
sorption mechanism, specifically, viscous losses in the holes of the covering panel. However,
they diverge in the mechanism that moves the absorption curve towards the low-frequency
range. In ML-MPP, MC-MPP, MHR, MPP, and SBH, the partitioning of the cavity is linked
to the possibility of using many distinct MPPs with different parameters. In the MPP with
coiled-up cavities, the labyrinthine structure of the cavities allows for an increase in the
effective length that the sound waves travel. In the passive-active system, on the other
hand, low-frequency absorption is provided by the active system, which tries to release the
sound pressure at the error microphone.

The absorption band of the examples discussed in Sections 2–6 is shown in the third
column of Table 6. ML-MPP, MC-MPP, and MHR afford absorption over slightly more than
one octave, starting at 200 Hz. MPP combined with coiled-up structures is a narrowband
absorber. To increase the sound absorption of these systems at higher frequencies, they must
be combined with other materials (for instance, porous absorbers). Passive–active absorbers
and SBH are able to provide broadband sound absorption. It should be noticed that the
reported bandwidths and thicknesses correspond to representative examples discussed in
the manuscript, not to general performance limits for each absorber class.

The total thickness of representative structures reviewed in Sections 2–6 is shown in the
fourth column. The ratio of the total thickness of the systems to the wavelength at the lower
working frequency is also shown. Although all of them have the capability of performing on
a deep sub-wavelength scale, the passive-active absorbers and the labyrinthine structures
stand out, with total thicknesses as small as λ/38 of the sound wavelength, which is much
smaller than that of conventional absorbers.

Some comments concerning the operating conditions of these metamaterials are in-
cluded in the fifth column. The ML-MPP, MC-MPP, and SBH require fitting many parame-
ters. For instance, the sound absorption provided by a 4L-MPP depends on 12 parameters
(d, t, ϕ of each constitutive MPP). Therefore, an important issue regarding the use of
these metamaterials for low-frequency sound absorption is the implementation of some
optimization strategy. Simulated annealing has been shown to be a good strategy to opti-
mize ML-MPP and MC-MPP [2,28]. Machine-learning-assisted tools have been proposed
for the optimal design of periodic/porous metamaterial-like acoustic treatments under
thickness constraints [68]. Novel functional applications, involving the use of these ma-
chine learning techniques, are expected to provide the optimal parametric design of such
metamaterials [69].

8. Summary and Conclusions
The possibility of designing deep-subwavelength sound absorbers has revived interest

in these materials at low frequencies. These broadband sound absorbers are also named
metamaterials. Classical porous, HR, and MPP absorbers can nowadays be hybridized with
other structures to provide high sound absorption from low to high frequencies. Some of
these structures include multilayer and multiple-cavity MPPs, hybrid MPP-active systems,
multiple HRs combined with either porous or MPP materials, multilayer MPPs combined
with labyrinthine cavities, and multilayer MPPs in ducts with conical cavities of decreasing
radius (SBH).

The parameters of these hybrid systems based on MPP can be optimized to afford deep
sub-wavelength absorbers. Hybrid passive–active systems and MPP combined with coiled-
up cavities are more capable of absorbing low frequencies with the smallest thickness.

Some of the reviewed structures (passive–active and SBH) are particularly well-suited
for broadband sound absorption, including at low frequencies. The others provide low-
frequency absorption in a band of around one octave width. However, they can be com-
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bined with other absorbers (such as porous materials) to increase the absorption bandwidth
towards the high-frequency side.
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