friried applied
e sciences

Article

Resonant Acoustic Metamaterials

Gino Iannace **, Giovanni Amadasi 2, Antonella Bevilacqua 3, Maria Cairoli * and Amelia Trematerra !

Citation: lannace, G.; Amadasi, G.;
Bevilacqua, A.; Cairoli, M.;
Trematerra, A. Resonant Acoustic
Metamaterials. Appl. Sci. 2024, 14,
5080. https://doi.org/10.3390/
app14125080

Academic Editor: Douglas
O'Shaughnessy

Received: 9 May 2024
Revised: 2 June 2024
Accepted: 8 June 2024
Published: 11 June 2024

Copyright: © 2024 by the authors.
Submitted for possible open access
publication under the terms and
conditions of the Creative Commons
Attribution (CC  BY)
(https://creativecommons.org/license

s/by/4.0/).

license

1 Department of Architecture and Industrial Design, University of Campania “Luigi Vanvitelli”,
81031 Aversa, Italy; liatrematerra@libero.it

2 SCS-ControlSys— Vibro-Acoustic, 35011 Padova, Italy; g.m.amadasi@scs-controlsys.com

3 Department of Architecture and Engineering, University of Parma, 43124 Parma, Italy;
antonella.bevilacqua@unipr.it

4 Energy Department, Politecnico di Milano, 20133 Milano, Italy; maria.cairoli@polimi.it

Correspondence: gino.iannace@unicampania.it

Abstract: Acoustic applications of metamaterials have rapidly developed over the past few decades.
The sound attenuation provided by metamaterials is due to the interaction between soundwaves
and scatterers organized into a reticular grid, with a peak attenuation at a specific frequency band
that is highly dependent on the scatterers’” diameter and reticular geometric organization of instal-
lation. In this article, the scatterer types chosen for the experiments are represented by a 2D shape,
which are cylindrical solid-wood bars of 15 mm diameter and empty cylindrical bars of 20 mm di-
ameter. Acoustic measurements were conducted in a semi-anechoic chamber to identify the specific
frequency at which the highest insertion loss (IL) was registered. A second experiment was con-
ducted by creating holes of 5 mm diameter on the external surface of the empty bars; in this way, it
registered a higher sound attenuation. In particular, the resonant system characterized with holes,
in combination with the attenuation given by 2D scatterer metamaterials, increased the sound atten-
uation for the frequency range between 1 kHz and 10 kHz.
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1. Introduction

The theory of metamaterials was developed in the 1960s with the goal of changing
the direction of propagation of the electro-magnetic waves and creating an element (or a
system of different elements) with negative refraction [1]; this material should not create
resistance to the propagation of soundwaves or allow the wave to pass through without
generating any reflection [2]. It should be remembered that negative refraction is the elec-
tromagnetic phenomenon where light rays become refracted at an interface that is oppo-
site to their more commonly observed positive refractive properties. Research in the field
of electro-magnetic waves brought the application of metamaterials to telecommunica-
tions, optics, and other areas.

The term metamaterial was obtained by combining the Greek word “meta”, meaning
beyond, with the Latin word “materia”, meaning material, whereby a metamaterial is a
material designed to have physical properties that are not found in nature [3].

Research on metamaterials can develop if supported by complex geometry realized
with a 3D printer. A great role in this direction is played by the volumes and geometry
variation following a periodic configuration, obtaining more precise control of sound at-
tenuation in a desirable frequency range. One of the applications in acoustics is repre-
sented by sonic crystals with the aim of reducing acoustic pollution by taking advantage
of destructive interferences [4].

Research on the creation of barriers to limit the noise generated by road traffic has
been carried out by many authors who have highlighted the importance of having noise
attenuation by using innovative systems. Metamaterial acoustic barriers have been
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proposed to reduce train noise, especially the noise emitted by the friction between wheels
and rails, with the installation of mini barriers composed of a height equal to the train
wheels [5].

Some authors have proposed 3D structures of metamaterials made with spheres of
different diameters (i.e., 20 mm, 30 mm and 40 mm). Holes made on the external surface
of the hollow spheres create a resonant effect and increase the sound attenuation [6].

Another field where regular structures can be applied is related to the acoustic ab-
sorption of membrane systems. A membrane placed at a certain distance from a rigid sur-
face optimizes the sound absorption at a frequency equal to A/4. In other words, if the
cavity thickness between the membrane and solid back surface is 0.8 m, this system is
tuned to absorb a sound at 100 Hz [7]. It shall also be said that the sound absorption varies
in function depending on the masses applied to the membrane, which are capable of wid-
ening the range of absorption and/or moving the peak onto other frequency bands [8].

Research on the application of metamaterials has been extended to the control of
building structures during earthquakes up to heating transmission and acoustics with the
theory of sound crystals [3]. Regarding this latest concept, the sound attenuation created
on a destructive interference occurs at a frequency whose wavelength is comparable to the
dimension of scatterers and to the distance existing among each other. It has been reported
that the higher the distance between scatterers, the lower the frequency at which the max-
imum sound attenuation occurs. Therefore, by controlling the distance between scatterers,
it is possible to achieve the maximum sound attenuation at the desirable octave, a phe-
nomenon that cannot be executed with the traditional absorbing panels.

1.1. Metamaterials across History: The Beginning

A historical concept of the realization of metamaterials can be represented by the
glass cup of Lycurgus in ancient Rome, dated back to the 4th century and preserved in the
British Museum. This cup shows different ray color diffraction based on the direction of
the light passing through the glass, which is green when the cup is highlighted from the
front, and red when the cup is highlighted from behind. This effect is obtained by the
insertion of little fragments of gold and silver in a colloidal organization on the external
surface of the glass [9].

Similarly, the glass composition of the Gothic churches of northern Europe in the
Middle Age were realized with metamaterial structures.

1.2. Employment of Metamaterials in the Last Century

In modern times, a different application of metamaterial occurred during World War
II [10], when the German submarines were coated with rubber [11] elements equipped
with holes on a regular grid to recreate the Helmholtz resonator system to prevent being
detected by the English navy [12]. This approach was named Alberich, following the leg-
end of a warrior fighting with an invisible mantel. Nowadays, submarines have similar
structures to be invisible to sonars [13]. In underwater acoustics, this type of highly ab-
sorbing coating is employed to cover the surface of offshore structures to control the neg-
ative effects on marine mammals due to high levels of noise during propagation [14,15].

In the last century, research studies by V. Veselago were focused on the discovery of
a specific material with negative refraction that, after being hit by an electro-magnetic
wave [16], should not create resistance to the propagation and allow the wave to pass
through without generating any type of reflections, with a potential goal of achieving a
negative refraction index [17]. These studies were thereafter deepened by J. Pendry for the
design of lenses by utilizing negative metamaterials to achieve the focus of light to im-
prove eyesight [1,18].

Many artists in history were considered leaders in creating masterpieces based on the
effects on the interaction between waves and solid surfaces [19]. An example is the organ
structure by Eusebio Sempere, whose sculpture is located in the garden belonging to the
Juan March Foundation in Madrid, Spain [20]. Sempere applied a minimalist design
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composed of a very simple geometry of steel bars of 30 mm diameter, organized in a 2D
grid with a 100 mm distance between each other. This sculpture represents the first exam-
ple of a bidimensional periodic sculpture. The acoustic measurements conducted on this
sculpture highlight a certain attenuation in the range between 1.6 kHz and 5 kHz [21].

2. Acoustic Characteristics of Metamaterials

Metamaterial structures can be classified into the following three sectors based on
the geometry of scatterers, as shown in Figure 1:

e  The scatterers are planes, and their structure is periodic in only one direction is the
case of 1D scatterers.

e  The scatterers are cylindrical, and their structure is periodic in two orthogonal direc-
tions is the case of 2D scatterers.

e  The spherical scatterers characterize the third type of metamaterials with their three
periodic directions.

(b) (©)

Figure 1. Disposition of scatterers in the 1D periodic direction (a), 2D periodic directions (b), and
3D periodic directions (c).

Metamaterials are artificial structures used to obtain sound attenuation. Based on this
concept, research focused on noise control is increasing.

The soundwave propagation control provided by the structures of metamaterials is
obtained by the interaction between the regular disposition of their geometric scatterers
and the effect of incident waves passing through them [22]. This phenomenon is achieva-
ble with the principle of a destructive interference between waves during the propagation
through the scatterers and is described by Bragg’s law that was initially applied to the
electro-magnetic field. In acoustics, the attenuation frequency fsc is calculated as per Equa-
tion (1).

c

fee = 2a sin (&) 1)

where c is the sound speed in the air (344 m/s), a is the distance between scatterer struc-
tures and ¢ is the incident angle.
The propagation scheme of sound waves hitting a regular geometric grid is shown in
Figure 2. The scatterers are organized with a constant step along the horizontal line.
v /
NN (‘b)// /

N 4

NI
ooo§soo
;1< [a
eecss Qoo
770 .
a
asin(¢)



Appl. Sci. 2024, 14, 5080

4 of 13

Figure 2. Soundwave propagation scheme when an incident wave impacts against a regular geo-
metric structure.

When the scatterers’ dimensions are comparable to the wavelength of the incident
wave, a destructive interference occurs and, consequently, an attenuation of the sound-
wave energy passing through the metamaterial structure is achieved. In addition, it
should be said that the attenuation is not particularly dependent on the material applied
to the scatterers, but more on the geometry of the single elements [23].

A research application of 2D scatterers has been developed for the attenuation of
noise related to domestic noise, with the creation of a “meta-house” composed of cylinders
organized at a constant step onto a regular grid [24]. The experiments on this type of struc-
ture were conducted on a scaled model of 1:10, with a maximum attenuation equal to 18
dB recorded between 1.5 kHz and 15 kHz, as shown in Figure 3. If applied to transparent
material-like polymers, this solution can satisfy conditions of acoustic comfort [25], light-
ing and ventilation requirements [26]. In general, the acoustic performance of metamate-
rial structures and sonic crystals can be measured with the insertion loss (IL) expressed in
decibels (dB) [27] that is given by the level difference calculated with and without the
installation of the structure between the source and receiver, as indicated in Equation (2).

IL = Lyithou — Lwitn (dB) 2)

Figure 3. Scale model of metamaterial acoustic barrier.

3. Research Methodology: Resonant System Configurations and Test Conditions

The scope of this paper is the study of a different type of scatterers used to improve
acoustic absorption, including 2D scatterers and 2D scatterer resonators [28,29]. Two-di-
mensional scatterer resonators refer to a system composed of empty cylinders equipped
with a series of holes on the external surface (resonators) that connect the cavity to the
exterior, which are constantly re-distributed [30]. Applications of this type of resonant
scatterers can be represented by the creation of acoustic filters for the noise attenuation of
fans in cooling systems and for the attenuation of road traffic noise [31].

In this paper, acoustic measurements were conducted inside a semi-anechoic cham-
ber of 4.4 x 4.4 x 4.5 m, characterized with absorption on the walls and ceiling, and con-
crete-finish flooring. Figure 4 shows the equipment employed during the acoustic meas-
urements, with the set-up scheme created for the performance of IL measurements [32].
The loudspeaker was fed a pink noise equalized over all the frequency bandwidth [33]
and placed in a box whose surfaces were coated with absorbing mats to stop any potential
standing waves. This box has an openable lid at the top, where the metamaterial acoustic
element was installed. An omnidirectional microphone was installed at 1 m from the test
sample. The acoustic tests were carried out with the following two specific configurations
to calculate the IL:
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Sound-pressure-level difference measured without samples.
Sound-pressure-level difference measured with the test samples.

Figure 4. Equipment scheme during the acoustic measurements (left). View of the laboratory during
the measuring tests (right).

A smaller box was built to better assess the IL attenuation of the noise that was gen-

erated by the loudspeaker and passed through the test sample. The dimensions of the box
were 1.2 x 1.3 x 0.5 m.

The implementation of this measurement scheme allowed the computation of the at-

tenuation to only involve the function of the interference given by the scatterers [34], ex-
cluding the diffraction effects of the edges.

The acoustic measurements were out on the following test samples:

Smooth wooden scatterers of 15 mm diameter with the addition of a plastic empty
scatterer of 20 mm diameter with a 1.5 mm thickness.

Five holes of 5 mm diameter were created on the external surface of the plastic empty
scatterers. The length of the bar is always kept constant, equal to 300 mm for all tests,
as shown in Figure 5.

The samples were tested individually based on the following configurations:

Configuration Al, composed of 1 row of wooden scatterers with a 15 mm diameter.
Configuration A2, composed of 2 rows of wooden scatterers of 15 mm diameter, with
a distance between the rows equal to 15 mm.

Configuration A3, composed of 3 rows of wooden scatterers of 15 mm diameter, with
a distance between rows equal to 15 mm.

Configuration A4, composed of 4 rows of wooden scatterers of 15 mm diameter, with
a distance between rows equal to 15 mm.

Configuration B1, composed of 1 row of empty scatterers of 20 mm diameter.
Configuration B2, composed of 2 rows of empty scatterers of 20 mm diameter, with
a distance between rows equal to 20 mm.

Configuration B3, composed of 3 rows of empty scatterers of 20 mm diameter, with
a distance between rows equal to 20 mm.

Configuration B4, composed of 4 rows of empty scatterers of 20 mm diameter, with
a distance between rows equal to 20 mm.

Configuration C1, composed of 1 row of perforated empty scatterers of 20 mm diam-
eter.

Configuration C2, composed of 1 row of perforated empty scatterers of 20 mm diam-
eter and 1 row of empty scatterers of 20 mm diameter, with a distance between rows
equal to 20 mm.
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¢  Configuration C3, composed of 1 row of perforated empty scatterers of 20 mm diam-
eter and 2 rows of empty scatterers of 20 mm diameter, with a distance between rows
equal to 20 mm.

e  Configuration C4, composed of 1 row of perforated empty scatterers of 20 mm diam-
eter and 3 rows of empty scatterers of 20 mm diameter, with a distance between rows
equal to 20 mm.

(type A)

(type ©)

Figure 5. Wooden scatterers of 15 mm diameter (type A); empty plastic scatterers of 20 mm diameter
(type B); empty plastic perforated scatterers of 20 mm diameter.

Figure 6 shows the schemes of all configurations, while Table 1 summarizes the pa-
rameters characterizing each configuration.
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Figure 6. Configuration scheme of the test samples.

Table 1. Description of all the configurations assumed during the acoustic measurements.

. . Distance between Scatterer Diame- Scatterer Distance
Configuration No. of Rows

Row Layers (mm) ter (mm) (mm)
Al 1 - 15 15
A2 2 15 15 15
A3 3 15 15 15
A4 4 15 15 15
Bl 1 - 20 7
B2 2 20 20 7
B3 3 20 20 7
B4 4 20 20 7
C1 1 - 20 7
C2 2 20 20 7
C3 3 20 20 7
C4 4 20 20 7

4. Measured Results

The measured IL results for all test samples are reported in Figures 7 and 8. Config-
urations with type A scatterers represent the effect of sound attenuation obtained with
plain solid scatterers, where the distance between rows is equal to 15 mm. The scatterers
with a cavity, employed in all type B configurations, were analyzed in comparison with
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type C configurations, whereas the first row is composed of perforated scatterers (type C)
and all the other rows are composed of scatterers with cavity (type B).

The analysis of the results was conducted in the bandwidth between 1 kHz and 10
kHz. The selection of the spectrum analysis is based on the dimensions and size of scat-
terers; no effects of sound attenuation can be found below 1 kHz because the obsta-
cles/scatterers are seen as acoustically transparent; consistent IL results are recorded for
octaves above 1 kHz.

Figure 7 shows the IL results from type A scatterers. Significant effects of attenuation
occur when the system is composed of two or more rows of scatterers, especially at 5 kHz.
This peak at 5 kHz increases by incrementing the number of rows, although above this
octave band, the attenuation remains constant, approximately around 6 dB. It has been
recorded that the attenuation with only one row of scatterers is negligible, giving a maxi-
mum IL of 3.5 dB only at 5 kHz, while the IL is equal to 1 dB on all octaves.

10,0 10,0
8,0 | 8,0 |
6,0 6,0
o fea)
© ©
= =
4,0 | 4,0
2,0 2,0
0,0 0,0
1.000 2.000 3.000 4.000 5.000 6.000 7.000 8.000 9.000 10.000 1.000 2.000 3.000 4.000 5.000 6.000 7.000 8.000 9.000 10.000
Frequency, Hz Frequency, Hz
(A1) (A2)

10,0

IL, dB
IL, dB

0,0 L L L 1 1 1 L L ,
1.000 2.000 3.000 4.000 5.000 6.000 7.000 8.000 9.000 10.000 1.000 2.000 3.000 4.000 5.000 6.000 7.000 8.000 9.000 10.000
Frequency, Hz Frequency, Hz

(A3) (A4)

Figure 7. Measured results of type A scatterers, composed of 15 mm diameter and a distance of 15
mm between rows of staggered scatterers.

Figure 8 shows the IL results from comparisons of the configurations B and C on the
same number of rows, where the scatterers are characterized by a 20 mm diameter that
can be perforated (type C) or with an enclosed cavity (type B), whereas the distance be-
tween scatterers in the same x—y plane is 7 mm. By directly conducting this type of com-
parison, the effects of perforation on the first row of scatterers are evaluated. The holes are
created with the purpose of obtaining a resonant system [35].

With configuration B1, the maximum attenuation is achieved at 5 kHz, equal to 5 dB,
while with configuration C1, the maximum attenuation is shifted to 6.3 kHz, equal to 7
dB. A common factor between configurations B1 and C1 occurs across the other octaves,
which is very comparable around 1 dB at frequencies below 4 kHz and has the same trend-
line at 10 kHz.

The same shift in peak is found with configurations B2 and C2, where type B scatter-
ers give an attenuation of 8.5 dB at 5 kHz, while type C gives an attenuation of 10 dB at
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6.3 kHz. With the exception of these two peaks, the trendline between configurations B2
and C2 is very comparable.

With three rows of scatterers, the maximum peaks are tuned in the same octaves,
recorded at 2.5 kHz and 6.3 kHz, with a very similar trendline. The difference between
maximum peaks at the aforementioned octaves is only 1 dB, which is higher with type C
scatterers.

With four rows of scatterers, the maximum peaks are found at 2.5 kHz, equal to 7.5
dB with type B and 8.5 dB with type C scatterers, and also at 6.3 kHz, but the difference
in attenuation between types B and C scatterers is more accentuated, equal to 11 dB with
type B and 8 dB with type C scatterers [36].
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10,0 + 100
80 |
o
% U\ 60
B B
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20 +
A
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(B3 vs. C3) (B4 vs. C4)

Figure 8. Measured results of the comparison of type B and C scatterers with a 20 mm diameter and
a distance of 20 mm between rows of staggered scatterers. The continuous black line refers to type
B configurations and the dotted red line refers to type C configurations.

5. Discussion

The measured results of sound attenuation highlight how similar the acoustic behav-
ior of the scatterers is, although some differences are more visible based on scatterer type
and number of rows [37]. Regarding the number of rows, the higher the number, the
higher the performance in terms of sound attenuation at high frequencies. Sound attenu-
ation with a single row of type A scatterers is practically negligible. Type A scatterers have
significant sound attenuation with three and four rows, reaching an IL up to 8 dB at 5 kHz,
while the attenuation between 1 kHz and 10 kHz fluctuates around 5 dB. With four rows
of type A scatterers, the sound attenuation reaches up to 10 dB at 5 kHz [38].

In terms of type B and C scatterers, the sound attenuation with a single row is rec-
orded at 5 kHz (type B) and 6.3 kHz (type C). By increasing the number of rows, the sound
attenuation reaches up to 9 dB at 5 kHz, which is even higher with three rows of scatterers
and is very visible with type C scatterers.

Overall, it is recommended that the hybrid system should be tested with more than
one type of scatterer, since the performance in terms of sound attenuation is higher [39],
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as scientifically tested, when the dimensions and distances are kept the same between
scatterers and rows.

6. Conclusions

Metamaterial acoustic barriers are widely used for noise attenuation with different
applications. One of the many applications includes road traffic noise [40] or HVAC filters.
Given the results of this hybrid approach, it can be said that perforated 2D scatterers can
be applied to office environments, where the frequencies related to speech are around 1-6
kHz, and are very effective to attenuate female voices [41]. This type of breathable
wall/barrier is effective in environments where the solid and opaque partitions are con-
sidered to be over designed, especially where the integrity of open spaces must be main-
tained.

An architectural product that can meet both acoustic and aesthetic requirements may
benefit manufacturers in pursuit of a competitive advantage on the market.

Future research studies should focus on more complex geometries of 2D scatterers
that can be developed with more sophisticated software, including parametric geometry,
which can provide unique sections of scatterers based on the intended attenuation [42].
The following variables play a great role in this process:

e A plenum of cavity bars that can be characterized by helicoidal or other geometric
cores [43].

o Different sizes of cavity volumes to better tune the frequencies.

e  Holes that can assume different diameters or different shapes (circular, squared, di-
amond, etc.).

Based on these variables, the idea of creating sound crystals is extensive and requires
many test samples [44].
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