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A theoretical, numerical and experimental investigation of a low-frequency acoustic absorber (100–
600 Hz) is reported herein. The acoustic metamaterial is based on a micro-perforated panel coupled to
a multi-cavity of coiled-up spaces that is similar to a symmetrical labyrinth. On considering the visco-
thermal losses, the effect of increasing the number of symmetrically coiled-up spaces that determines
the peak position of the sound absorption and allows a greater sound energy absorption is discussed the-
oretically and proven through numerical analysis (FEM). Prototypes were manufactured using 3D print-
ing technology and evaluated in an impedance tube. The results for the sound absorption coefficient
acquired in the desired frequency range were greater than 91% with relative bandwidth above 35%, in
agreement with the analytical model. Therefore, it is demonstrated that the proposed absorber presents
a scale of deep-subwavelength since its total thickness is 0.033k.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

In the past two decades, the search for sound energy control in
the most diverse everyday situations has motivated the research
and development of new acoustic materials. In general, a variety
of acoustic devices are used to acquire this control. Notable
examples in this broad category are porous materials (e.g., cellular,
fibrous and granular) and resonant devices, such as micro-
perforated panels (MPP). However, the aforementioned porous
materials present excellent sound absorption in the region of med-
ium and high frequencies and low sound absorption in the region of
low frequencies, since thesematerials require dimensions compara-
ble to the operationwavelength [1,2,32]. On the other hand,MPP is a
solution for the control of sound energy related to low frequencies,
although these types of panels require an air cavity with large phys-
ical dimensions [3–6], which is not always possible in practice.

Alternatives for energy control associated with low frequencies
(100–600 Hz) that have emerged recently are the acoustic meta-
materials or metasurfaces, with enormous potential for application
[7–13]. We consider metamaterials as periodic structures that pre-
sent unique properties and behaviors for long wavelengths [14].
This unique behavior occurs when the metamaterial presents a
total surface impedance corresponding to the impedance of the
medium, allowing the sound wave to pass efficiently into its inte-
rior [10]. In order to design a metamaterial efficiently, the visco-
thermal characteristics, which affect the sound propagation in
small spaces [15–17], as well as the concept of coiled-up spaces
[18,19,33,34] have been found to be very useful. The concept of
coiled-up spaces reduces the physical volume of the model to a
deep-subwavelength scale and have been widely used in absorber
based on Fabry-Pérot (FP) type channels [20,21].

Considering the concept of coiled-up spaces [21] and based on
the design of micro-perforated panels [9,10,22], the aim of this
study was to design and evaluate the behavior of an absorber
metamaterial that occupies a small physical volume. The model
is based on a micro-perforated panel coupled to a multi-cavity of
coiled-up spaces, similar to a symmetrical labyrinth. The
sensitivity analysis is conducted to determine the influence of
the geometric parameters on the absorber behavior in the
frequency range of 100 - 600 Hz. Lastly, numerical simulations
using the finite elements method (FEM) and experimental evalua-
tions in an impedance tube, applying the method of transfer func-
tions to obtain the sound absorption coefficient of two proposed
samples, are used to verify that good sound absorption, with broad
bandwidth at low frequencies, is acquired.
2. Theoretical and numeric method

The sound absorber was comprised of a rigid panel containing a
slit-type micro-perforation located in its geometrical center
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coupled to a multi-cavity of coiled-up spaces. Thus, the sound
wave will propagate within the multi-cavity through an allowed
double path of propagation. A unit cell with five coiled-up spaces
composed of rigid walls and a top view of the unit cell are shown
in Fig. 1a) and 1 b), respectively. The geometric parameters
considered in the model are defined in the figure.

2.1. Theoretical method

A plane wave of amplitude P is focused on the panel along the x
direction. Considering that the model has five coiled-up spaces and
the wavelengths are greater than the width of the symmetrical
spaces, the wave propagates in the absence of a cutoff frequency
[21,23] (see Fig. 1b)), since with the increase in the number of
spaces in both directions of the y-axis there is a greater effective
length of propagation (Leff ) in both directions.

Considering the single coiled-up spaces option, i.e., a single
labyrinth, the impedance of total surface (ZT1 ) will be given by
the series association of the front panel impedance (Zp) with the
impedance of the single space (Ze1 ). This is represented by Eq. (1):

ZT1 ¼ Zp þ Ze1 : ð1Þ
However, the proposed model presents a double coiled-up spaces of
the same cross-section area coupled to a single panel. Thus, the
total impedance of the model (Zglv ) is obtained through the parallel
association of the total impedance of a single coiled-up space. This
is determined by Eq. (2),

Zglv ¼ ZT1 � ZT2

ZT1 þ ZT2

¼ ðZp þ Ze1 Þ � ðZp þ Ze2 Þ
ðZp þ Ze1 Þ þ ðZp þ Ze2 Þ

: ð2Þ

The propagation of sound waves in spaces with a constant rect-
angular cross-sectional area can be described using the complex
density and compressibility functions [24]. The acoustic impe-
dance in spaces is represented by a fluid model equivalent and
assuming that plane waves propagate in the symmetrical labyr-
inth, these two functions are obtained by Eqs. (3) and (4),
respectively,
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where ak ¼ ðkþ 1=2Þp=a and bn ¼ ðnþ 1=2Þp=W are constants and
m0 ¼ j=qoCv , with j ¼ 0:026 W/(m�K) and Cv ¼ 0:712 kJ/(kg�K) rep-
resenting the thermal conductivity and specific heat at constant
Fig. 1. Structure of acoustic metamaterial with double coiled-up spaces: a) Unitary cell an
in the model are: the width of the slit on the y-axis (df ); height on the z-axis (Lf ); thickn
single cell (L;m), respectively. The position of the micro slit along the yz plane is marked
respectively. The coiled-up space is formed by rigid walls with thickness bo.
volume, respectively; m ¼ g=qo is the kinematic viscosity of the
air, with g = 1.8134 x 10�5 Pa�s representing the viscosity of air;
Po ¼ 101325 Pa the atmospheric pressure; and c ¼ 1:41 the specific
heat ratio. From the density and the compressibility functions, it is

possible to determine the characteristic impedance Zc
e ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qeq=Ceq

q
and the effective acoustic propagation constant meq ¼ x

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qeqCeq

q
in the double coiled-up spaces [24].

Consequently, the individual acoustic impedance of the coiled-
up spaces is obtained through Eq. (5),

Ze1 ¼ Ze2 ¼ �j
So
Si
Zc
e cotðmeqLeff Þ; ð5Þ

where So ¼ mL is the area in the yz plane of an unit cell, Si ¼ aW the
cross-section area of the spaces, a ¼ ððm� boÞ � ðn� 1ÞboÞ=n, with n
representing the number of coiled-up spaces, this will always be an
odd number because the proposed model is symmetric,

W ¼ ðL� boÞ, and finally, Leff � ððn� 1Þð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ a2

p
Þ=2þ hþ wÞ,

where w � 22 mm is an average factor for correction of the effective
length of propagation. The ratio between areas in Eq. (5) can be
understood as an area modifier factor that maintains the conserva-
tion of the volume velocity flow.

The panel of the model has a thickness t and has a micro-
perforation, i.e., a micro slit, with the height (Lf ) being greater than
the width (df ) (see Fig. 1a)). In this case, it can be approximated to
an ellipse through the use of the hyperbolic tangent function.
Although the micro slit has low acoustic resistance and the end
correction for larger mass reactance [22], the choice of the perfora-
tion pattern is to obtain a non-typical pattern, where the slits are
connected to larger openings allowing greater dissipation of sound
energy.

The impedance of a slit was first studied by Lord Rayleigh and
later expanded for analysis at low frequencies [25]. However, con-
sidering that Lf � df , a new solution and the respective corrections
were proposed [22]. The solution of the wave equation for the slit
with an axial velocity (x-axis) is obtained using Eq. (6) [22,26],

jxqov ¼ g
y

@
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@y

� �
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t
; ð6Þ

where m is the particle speed along the x axis and DP is the sound
pressure drop at the end of the slit. Assuming that the walls are
rigid, determining the solution of Eq. (6) and averaging the velocity
of particles along the entire slit, Eq. (7) is obtained,
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d b) section view of a unit cell in the xy plane. The geometric parameters considered
ess of the panel and of the air cavity (t; h), respectively; and height and width of a
by (T), the heigth and width of the cross-section of the coiled-up spaces are (W ; a),
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where r ¼ df

ffiffiffiffiffiffiffi
qox
4g

q
is the perforation constant [35]. From the veloc-

ity of the particles, it is possible to calculate the exact impedance of
the panel. For this it is considered that the velocity of the particles
in and out of the slit are related by the porosity of the panel, i.e.,
v ¼ H�v , so the impedance of the panel is obtained by Eq. (8),

Zp ¼ �DP
v ¼ jxqot

H
1� tanhðr
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j

p
Þ

r
ffiffi
j

p
" #�1

; ð8Þ

where H ¼ ðdf Lf Þ=ðmLÞ is the porosity or filling fraction of the slit
embedded in the panel.

The air movement at the face of the panel should be com-
pressed in the slit, since its volume is smaller, and this induces a
resistance, i.e., Rres ¼

ffiffiffi
2

p
gr=Hdf ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qogx

p
=2� [27,28]. Moreover,

based on Rayleigh’s derivation for an elliptic aperture, and using an
elliptic integral of the first species [22], a final correction for the
reactance needs to be defined, due to sound radiation at both ends
of the slit [9], i.e., Rrea ¼ ðjxqodf FeÞ=ð2Fð�Þ�Þ, where

Fð�Þ ¼ ½1� 1;4�þ 0;338�3 þ 0;0679�5 . . .��1 is the Fok correction
function due to the interaction of radiation of the air [28,36],
� ¼ df =L, and Fe denotes the complete elliptic integral in which
an appropriately shaped ellipse approaches the slit, which is
obtained by Eq. (9) [22],

Fe ¼
Z p

2
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where e ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ðdf =2Lf Þ2

q
is the eccentricity of the ellipse. In accor-

dance with [22], the exact impedance of the panel with a micro slit
and its final corrections is then obtained through Eq. (10)
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After some simplifications the real and imaginary part of the
approximate impedance of the panel with a micro slit is given by
Eq. (11),
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By substituting Eqs. (10) and (5) in Eq. (2) one arrives at the
equation for the total impedance of the proposed acoustic
metamaterial. Considering normal wave incidence, the sound
absorption coefficient of the absorber with rigid backing can be
obtained by Eq. (12),

a ¼ 1� Zglv=Zo � 1
Zglv=Zo þ 1

����
����
2

; ð12Þ

where Zo ¼ qoco is the characteristic air impedance, in which
qo ¼ 1:21 kg.m�3 and co ¼ 343 m.s�1 are the density and speed of
sound in air, respectively.

2.2. Numerical analysis by FEM

A numerical validation of the proposed absorber was performed
using the software COMSOL Multiphysics with the finite element
method (FEM). Visco-thermal losses in the micro-slit and the
coiled-up spaces (mainly as they increase symmetrically) are
accounted for using the Thermoacoustic module. However,
because the samples of the acoustic metamaterial were manufac-
tured by the 3D printing technology using ABS material, in the
numerical validation it was assumed that there is no fluid–struc-
ture interaction because all of the walls of the structure are consid-
ered acoustically rigid perfect bodies, since ABS has a density and
speed of sound higher than air (q ¼ 1180 kg.m�2; c ¼ 2700 m.
s�1). A limit condition of plane wave radiation was used to simu-
late the incidence of the sound waves in the model. The mesh size
of the elements was chosen using the Nyquist criteria, so that the
visco-thermal dissipations, especially in the narrow regions, were
captured in the simulation. The element type selected was the free
tetrahedral and the minimum element size was defined as 1/10 of
the smallest simulated wavelength.
3. Results and discussions

3.1. Theoretical model analysis

The theoretical analysis of the behavior of the acoustic absorber
was carried out with the implementation of the sound absorption
coefficient and the total surface impedance of different unit cells,
as shown in Fig. 2. The geometric parameters used in the following
analysis are shown in Table 1. The value of the elliptic integral ðFeÞ
is 5.6 (meaning that the slit used to approach the ellipse has a very
high largest to smallest parameter ratio) and the correction due to
the interaction of the air radiation in the panel slit ðFð�ÞÞ is 1, since
the panel presents only one perforation, and, therefore, there is no
interaction between perforations.

Fig. 3 shows the behavior of the absorption coefficient of the
model for different cells. The sound absorption peaks are located
at 344 Hz, 313 Hz, 279 Hz and 248 Hz for n = 5, 7, 9 and 11
coiled-up spaces, respectively. Thus, it can be observed that the
peak of sound absorption moves to lower frequencies as the value
of n increases. Furthermore, the absorption peaks have amplitudes
of 1.00, 0.99, 0.99 and 0.99 and the relative bandwidths at 50% of
the maximum absorption are 206 Hz, 139 Hz, 95 Hz and 67 Hz
for n = 5, 7, 9 and 11, respectively. Consequently, the values for
the relationship between the bandwidth and the center frequency
are 60.0%, 44.5%, 34.0% and 27.0%, respectively.

It can be seen in Fig. 3 that the absorber presents broadband
absorption, which demonstrates that the concept of double
coiled-up spaces increases the capacity of the model to absorb a
greater amount of sound energy, although this bandwidth
decreases as n increases. However, part of this energy is dissipated,
initially in the slit region due to viscous friction [9] and then in the
coiled-up spaces when these increase due to the visco-thermal
effects. Moreover, with an increase in n the cross-sectional area
of these spaces (Si) decreases and, consequently, the peaks of the
sound absorption move strongly to low frequencies due to two fac-
tors: firstly, the greater influence of the visco-thermal effects; and
secondly, an increase in the effective propagation length (Leff )
since, as detailed below, this length plays an important role in
the frequency of operation of the absorber [21,29].

The double coiled-up spaces can be simplified as a Fabry-Pérot-
like (FP) channel (FP) [30], since both Leff and Si affect the position
of the peak sound absorption. Fig. 4 illustrates the influence of Si on
the behavior of the absorber when Si varies with Leff ¼ 202:8mm.
The frequency of the peak absorption increases as Si decreases,
i.e., a smaller cross-sectional area of the coiled-up spaces induces
absorption at higher frequencies, which is the opposite effect com-
pared with the parameter Leff . Therefore, the operation frequency
of the absorber is mainly determined by Leff , which can be adjusted
to the required frequency by modifying the value of n or the
parameter h.

The sound absorption performance of the metamaterial is
related to the behavior of its total surface impedance (Zglv ). Thus,
good agreement with the air impedance, total sound absorption



Table 1
Parameters (in units of mm) used and calculated in the analysis of individual cells.

Geometrical parameters df Lf m h bo L t

Value 0.38 13.0 45.0 36.0 1.0 16.0 2.4

Calculated parameters n= 5 n = 7 n = 9 n = 11
a (space cross-sectional width) [mm] 8.0 5.43 4.0 3.1
Leff (effective propagation length) [mm] 131.7 167.2 202.8 238.7

Fig. 3. Sound absorption coefficient of different model configurations.

Fig. 4. Sound absorption coefficient for variations in Si and fixed Leff .

Fig. 2. Configurations of the symmetrical labyrinth metamaterial, with 5, 7 and 11 coiled-up spaces, respectively.

4 Gildean do N. Almeida et al. / Applied Acoustics 172 (2021) 107593
is obtained, which means that Re(Zglv/Zo = 1) and Im(Zglv/Zo = 0). The
total normalized surface impedance by the air impedance is repre-
sented in Fig. 5. The real parts are 0.98, 0.97, 0.95 and 0.94 at peak
absorptions of 344 Hz, 313 Hz, 279 Hz and 248 Hz, respectively.
Meanwhile, the imaginary parts are zero for these same frequen-
cies. The total sound absorption is almost achieved when n ¼ 5,
at which real part is closer to the unitary value, demonstrating
an approximately optimal adjustment of the total surface impe-
dance of the absorber in this medium.

It can also be seen in Fig. 5 that as n increases the curves of the
real part of the impedance tend to move further apart above the
unit value and closer together below this value. Furthermore, the
curves of the imaginary part above zero increase with an increase
in n and below zero tend to approximate and decay, which means
that in these regions the model does not act efficiently.

3.2. FEM simulation

Numerical validation was conducted using the same geometric
parameters (Table 1). The values obtained for the sound absorption
coefficient with the analytical and numerical methods are shown
in Fig. 6. A good agreement between the methods is verified,
mainly when the number of coiled-up spaces of the absorber
increases symmetrically. This cohesion is due to the greater influ-
ence of the effects of viscous friction and thermal diffusion in these
spaces, since the cross-sectional area of these spaces decreases
with an increase in n. The displacement of the sound absorption
peak to lower frequencies is corroborated by the numerical analy-
sis. This is due to the high level of resonance produced by the
strong compression of the air in the micro slit of the panel, promot-
ing dissipation of the energy due to of friction losses and viscous
damping both in the perforation and inside the symmetrical
coiled-up spaces [21]. The point of distinction between the meth-
ods occurs in the bandwidth relative to 50% of the maximum
absorption, mainly for the cell with n ¼ 5 coiled-up spaces, where
the bandwith is Df ¼ 206 Hz and Df ¼ 178 Hz for the analytical
and numerical methods, respectively which characterizes a rela-
tive error of 13.6%. Concerning the amplitude, the maximum error
found was 3.0% relative to n ¼ 11 coiled-up spaces.

To further explore and comprehend the low-frequency sound
absorption mechanism of the acoustic metamaterial, we plotted
the acoustic pressure field at the resonance frequency of the unit
cells with n ¼ 5 and 11 coiled-up spaces in Fig. 7. It can be seen
that the sound pressure at the end of the symmetrical coiled-up
spaces is three and eight times higher than at the entrance (micro
slit). As a result, the incident of the wave energy is mainly dissi-
pated due to the greater friction between the acoustic wave and
the small perforation. Therefore, the main low-frequency absorp-



Fig. 5. Total normalized surface impedance behavior of the model.

Fig. 6. Sound absorption coeffcient results (analytical and numerical methods) for
the absorber.
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tion mechanism of the acoustic absorber is the conversion of
acoustic energy into heat energy at the resonance frequency.

As verified above, only a single absorption peak at a low fre-
quency with broadband can be obtained by the absorber studied.
However, when it is necessary to further extend the relative
absorption bandwidth a strategy that can be adopted is the parallel
coupling of different unit cells with different parameters. There-
fore, the new impedance is obtained using the Eq. (13),

1
Zac

¼ 1
So

XN
i¼1

Soi
Zglv

ð13Þ

where N is the number of coupled unit cells, So ¼
XN
i¼1

Soi, with Soi

the area of each cell and Zac the impedance of the coupled system.
Fig. 7. Sound pressure field of the cells with n ¼ 5 and 11 coiled-up spac
Fig. 8 shows the sound absorption coefficient results, obtained
applying the analytical (black line) and numerical (pink line) meth-
ods, for the absorber with two different cells coupled. The geomet-
ric paramaters used in the evaluation are given in the legend of the
figure. For comparison, the sound absorption curve for the unit
cells is also displayed (dashed red and blue lines). One can observe
two peaks in the sound absorption, at 303 Hz and 389 Hz for the
analytical method and 312 Hz and 387 Hz for numerical method.
These peaks do not coincide with individual peaks due to the influ-
ence of the coupling processes [21]. The absorption peaks of the
coupled system have smaller amplitude, due to the overlapping
of the effects resulting from the different cells, which suppresses
the amplitude of the sound absorption of the coupled system
[37]. However, both peaks have amplitudes over 90% and combine
into a broadband absorption with a relative width of up to 49.5%.
3.3. Sensitivity analysis

Based on Eqs. (5) and (10), it can be concluded that the behavior
of the sound absorption coefficient of acoustic metamaterial is
mainly dependent on five geometric parameters (df , Lf , h, m, t).
The influence these parameters was investigated for a unit cell
with n ¼ 5 coiled-up spaces, since for the other configurations
the behavior was similar. The fixed parameters in the analysis were
those listed in Table 1 and the parameter to be varied is shown on
the vertical axis of each figure.

The slit width varied from 0:3 mm to 1:1 mm and Fig. 9 a)
shows that the absorber presents maximum sound absorption
when the parameter values are between 0:3 mm and 0:45 mm
and that above these values the amplitude of absorber is attenu-
ated. Furthermore, with increases in the geometric parameter,
the sound absorption curve moves gradually to high frequencies.
The slit height was varied from 4mm to 16 mm and Fig. 9 b) shows
that the absorber presents maximum sound absorption when the
parameter was varied from Lf ¼ 10 mm to its maximum value.
es at the operating frequencies of 344 Hz and 250 Hz, respectively.



Fig. 8. Behavior of the sound absorption coefficient of the coupled system and the unit cells. The geometric parameters used were: m = 39.0 mm, L = 12.0 mm, df = 0.36 mm,
Lf = 9.0 mm, h = 30.0 mm, bo = 1.0 mm and t = 1.5 mm.

Fig. 9. Behavior of sound absorption coefficient with variations in the parameters df and Lf.

6 Gildean do N. Almeida et al. / Applied Acoustics 172 (2021) 107593
However, the sound absorption curve moves to high frequencies
with a variation in this parameter. It can be noted that the band-
width at 50% of the maximum absorption increases as the geomet-
ric parameter (Lf ) increases, throughout the range.

The thickness of the air cavity was varied from 15mm to 60mm
and Fig. 10 a) demonstrates that the sound absorption peak shifts
strongly to lower frequencies (from 530 Hz to 215 Hz) as the geo-
metric parameter increases, demonstrating that this parameter
plays a fundamental role in achieving sound absorption in this fre-
quency region. This influence can be confirmed through the equa-
tion that determines the effective length of propagation (Leff ),
because Leff is proportional to h. In addition, the shifts in the
Fig. 10. Behaviour of sound absorption coefficien
absorption peak to lower frequencies cause only a slight change
in the bandwidth at 50% of the maximum absorption. This finding
can be understood through the symmetrical coiled-up spaces since
these have the capacity to absorb a greater amount of sound
energy. Another interpretation for the slight variation in
bandwidth is the fact that the cross-sectional area of the coiled-
up spaces remains unchanged, since the that arrangement of the
coiled spaces is not dependent on the parameter h.

The cell width varied from 30 mm to 70 mm and Fig. 10 b)
shows that the peak sound absorption shifts to lower frequencies
with increases in this geometric parameter. This shift is due to
an increase in the cross-sectional area of the symmetrical
t with variations in the parameters h and m.
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coile-up spaces and, consequently, in the volume of fluid and this
contributes to an increase in the thermoacoustic losses. Another
interpretation of this shift is an increase in Leff.

Lastly, the panel thickness was varied from 1 mm to 6 mm and
Fig. 11 demonstrates that the peak sound absorption shifts to
lower frequencies with this variation in the geometric parameter.
Table 2
Parameters (in mm) derived from the sensitivity analysis and used to manufacture sampl

Geometrical parameters df t m

Value 0.7 4.0 58.0

Fig. 11. Behavior of sound absorption coefficient due to parameter t.

Fig. 12. Structure sketch of sample 1 with 8 cell units for the experiment.

Fig. 13. Theoretical, numerical and experimental behavi
Furthermore, the absorber shows a maximum amplitude in the fre-
quency range of 300 - 340 Hz when the panel thickness values are
between 1:5 mm and 3:5 mm.
4. Experimental validation

The sound absorption coefficient of the metamaterial was eval-
uated using a cylindrical impedance tube with an internal diameter
of 107 mm, using the standard two-microphone method [31]. A
sample containing unit cells with n ¼ 5 coiled-up spaces was pro-
duced using the additive manufacturing (3D printing) technology
and the fusion and deposition modeling (FDM) technique. Because
of its durability, ABS was used to manufacture the absorber. The
resolution of manufacture was 0:1 mm. Due to the physical limita-
tion of the impedance tube, sample 1 was manufactured to fit the
tube, which limited the number of unit cells to eight (see Fig. 12).
The geometrical parameters considered in the manufacture and
analysis of the model were acquired from sensitivity analysis and
are listed in Table 2.

The results reported in Fig. 13 show the good agreement with
the values for the sound absorption coefficient of the sample 1
applying the analytical, numerical and experimental methods.
The corresponding sound absorption peaks were determined at
274 Hz, 274 Hz and 285 Hz, respectively. The sound absorption
peak amplitudes were 0.97, 0.96 and 0.97, respectively. The dis-
crepancy observed in the frequency values obtained experimen-
tally and with the prediction methods is associated with
inaccuracies related to the manufacturing of the sample [9,29],
i.e., the roughness of the internal walls of the symmetrical
coiled-up spaces, well as the effect of the coupling of the various
unit cells.

The values for the bandwidth relative to 50% of the maximum
absorption were 127 Hz, 98 Hz and 100 Hz for the analytical,
numerical and experimental methods, respectively. The corre-
sponding values for the relationship between the bandwidth and
the peak central frequency are 46.3%, 35.7% and 35.0%, respec-
tively. One can see that frequency bandwidth of the experimental
result is greater than that of the analytical and numerial methods,
probably due to the additional consumption of sound energy by
e 1.

h bo Lf L

40.0 10 8.0 14.5

or of the sound absorption coefficient for sample 1.
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the rough surface obtained in the 3D printing [38], which is not
considered in the analytical and numerical methods. Thus, based
on the experimental bandwidth value and the operation frequency,
it can be stated that the acoustic metamaterial acts as a deep-
subwavelength absorber [9,17,21], since its total thickness is much
smaller than the operation frequency wavelength, ðhþ tÞ � 0:033k.

A second experimental analysis was performed with a sample
containing unit cells with n ¼ 5 coiled-up spaces. The geometric
parameters were proposed from the sensitivity analysis and are
listed in Table 3. Fig. 14 shows a sketch of the structure and the
printout of sample 2, with the number of unit cells limited to ten.

Fig. 15 reports the sound absorption coefficient results for sam-
ple 2 obtained with the analytical, numerical and experimental
methods. The corresponding sound absorption peaks were located
at 460 Hz, 472 Hz and 488 Hz, respectively. The sound absorption
peaks had amplitudes of 0.97, 0.96 and 0.91, respectively. A large
discrepancy between the frequency and amplitude values of exper-
imental results and predictioned results is observed. In the case of
frequency, we attribute this to inaccuracies related to the sample
manufacture while the discrepancy in the amplitude results is
Table 3
Parameters (in mm) derived from the sensitivity analysis and used to manufacture sampl

Geometrical parameters df t m

Value 0.5 2.2 46.0

Fig. 14. Sketch of the structure and printout of sample

Fig. 15. Theoretical, numerical and experimental behavio
related to the area of the cells that fill a smaller cross-sectional area
of the impedance tube and also to the uncertainty associated with
the sample fabrication. Also, the bandwidths relative to 50% of
the maximum absorption were 226 Hz, 167 Hz and 220 Hz for
the analytical, numerical and experimental methods, respectively.
Therefore, the values for the relationship between the bandwidth
and the peak central frequency are 49.0%, 35.4% and 45.0%, respec-
tively. Once again, based on the experimental bandwidth value and
the operating frequency of the model, it can be stated that the
proposed acoustic metamaterial acts as a deep-subwavelength
absorber, since its total thickness is much smaller than the
operating frequency wavelength, ðhþ tÞ � 0:037k.

It is important to highlight two important factors of the pro-
posed absorber. One is that because it has symmetrical multiple
cavities, that is, double coiled-up spaces, the absorber allows
greater absorption of sound energy. However, this symmetry of
the cavities makes the adjustment of geometric parameters more
laborious. This is important since the adjustment allows an excel-
lent correspondence between the total impedance and the impe-
dance of the medium and, consequently, a total sound absorption
e 2.

h bo Lf L

240 1.0 90 13.0

structure 2 with 10 cell units for the experiment.

ur of the sound absorption coefficient for sample 2.
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can be obtained. The other important factor of the absorber, as
noted in Fig. 3, is that depending on the values of the geometric
parameters, the difference in the effective length of propagation
(Leff ) for the configurations with n ¼ 5 and n ¼ 7 coiled-up spaces
may be small, displaying a small difference between the positions
of the sound absorption peaks. Therefore, it is recommended that
the thickness of the h air cavity is at least half the width of am cell,
so that the difference in the position between the sound absorption
peaks is satisfactory.

5. Conclusions

A metamaterial that is a low-frequency absorber was proposed
based on a micro-perforated panel coupled to a multi-cavity of
coiled-up spaces. Analytical and numerical (FEM) methods demon-
strated good agreement for the sound absorption at low frequen-
cies (100–600 Hz). Through a sensitivity analysis, it was noted
that the parameters h andm play an important role in the behavior
of the absorber in this frequency range. The sound energy control
mechanism was investigated experimentally and found to be in
good agreement with the theoretical and numerical methods,
mainly for sample 1, although excellent results were also obtained
for sample 2. Broadband sound absorption was obtained experi-
mentally, which corroborates the theory that this performance is
due to the double spiral spaces, i.e., to the symmetrical labyrinth
allowing greater control of the sound energy. Lastly, the sound
absorption performance and the ability to adjust the design make
the sound absorber an excellent candidate for controlling sound
energy in relation to low frequencies. However, the absorber must
be manufactured with a sufficiently rigid material, to ensure that
there are no structural vibrations at its internal walls, which would
affect its performance.
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