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Abstract

Acoustic metamaterials are artificial structures that allow to control the propagation of the sound waves. Space-coiling
structures are a specific type of metamaterial structure that have great potential to provide narrowband noise reduction and
allow for efficiently reflect of sound waves especially in the low frequency range. Many examples of these structures were
described with the results of numerical studies or results acquired by transmission loss measurements. The article concerns
3D-printed space-coiling type metamaterial. The construction of metamaterial as well as results of its tests in semi-anechoic
chamber (including visualizations of sound intensity level distribution) were presented.
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1. Introduction

Acoustic metamaterials are artificial materials, which can be used to control propagation of the
sound waves and are used, for example, in acoustic cloaking [1, 2]. Properties of the acoustic
metamaterials are determined by its internal structure. By using i.e. specific shape of the structure it is
possible to obtain negative refraction [3-5], negative bulk modulus [6-8] or negative mass density
[9-11]. The fact that such acoustic metamaterials can be used in acoustic lensing was proven and
described [12, 13].

Certain group of acoustic metamaterials have a specific structure (called space-coiling) and are
mainly used in aeroacoustics. Their principle of operation is to reduce the effective speed of sound wave,
which is possible by extending the path of sound wave propagation. The fact that the space-coiling
metamaterials can achieve negative refraction index has been confirmed experimentally [14]. It is also
possible to create a space-coiling metamaterial which can enable almost any acoustic wavefront
manipulation [15]. In most research described in the literature, the meander structure of space-coiling
metamaterials are considered [14, 16, 17] and they are highly effective in controlling low-frequency

sound [18]. These structures can be easily made by 3D printer [19, 20].
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Initially, models of acoustic metamaterials are checked by numerical simulations which allow
examine its properties before creating them [21]. To assess the properties of developed acoustic
metamaterial the measurements with using a Impedance tube are performed [22, 23]. In this case it is
possible to determinate sound absorption coefficient and sound transmission loss but it does not allow
to illustrate the behavior of the sound wave behind the acoustic metamaterial.

This article presents visualizations of sound wave parameters like sound intensity level and sound

pressure level behind the exemplary acoustic space-coiling metamaterials.

2. The structure of space-coiling metamaterial

As the space-coiling metamaterial typical labyrinthine structure with meander routes were
designed in SolidWorks 2020. The dimensions of the metamaterial depended on possibility to its
manufacture with use of 3D printer. For this reason the primary model (shown in Figure 1 included
three meander routes in one piece were designed. The channel width was 3 mm, height of the primary

model was equal 150 mm.

Figure 1. Primary model of space-coiling metamaterial structure

The primary model was created from PLA material by using a 3D printer. Diameter of nozzle was
0.6 mm, and the layer height was set at 0.4 mm. The infill has been set to 0%. Middle-walls of the
structure has been fill with polyester resin. At the top of the each primary model a special mounting
hooks were added, enabling serial and parallel connection of the metamaterial structure. The structures
have been combined by screw connections. Two metamaterial construction was under investigation
(shown in Figure 2), 8 primary models in: single and double row. Studies results for a single row

structure were described in article [24]. In this article we consider on double row structure.
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Figure 2. Space-coiling metamaterial construction under investigation

3. Results of the studies

3.1. Measurement setup

Measurements were carried out with using Scan & Paint 3D system in semi-anechoic acoustic
chamber. The system include an anemometer probe that allows sound pressure measurement and direct
measurement of acoustic particle velocity in three directions. Measurements were taken by moving the
probe with the spherical marker. Marker combined with spherical camera and appropriate software
enable to evaluate the position of the probe in relation to the tested metamaterial structure.

To reduce the impact of diffracted waves on measurement results the space-coiling metamaterial
was placed in specific window made of wavy sound-absorbing foams. That window were suspended 1.2
meter above the floor and 1 meter away from noise source. As a white noise source Avantone MixCube
loudspeaker driven by Behringer A800 amplifier and B&K1049 signal generator were used. The speaker

was located in front of the structure. Experimental setup in shown in Figure 3.

Figure 3. The view of the measurement setup
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Measurements were taken in front of and behind the metamaterial structure in the frequency range

from 100 to 9000 Hz.

3.2. Results and discussion

Sound pressure level and particle velocity level were averaged for piece of volume with width
2 centimeters. From these parameters, the value and direction of the sound intensity vector, which
characterize the sound wave propagation and energy distribution close to the metamaterial, were
obtained. The obtained results were based on a 30-minute measurements. Each vector acquired in
visualizations takes include at least half second of measurements. Due to wide frequency range of test
signal, the results of measurements were mainly visualized in a one-third octave band. Three types of
results were noticed during the analyzes. In first type, intensity vectors perpendicular to the

metamaterial surface occurs. An example of such results are shown in Figure 4.

dB (re 1e-12)

Figure 4. Visualization of sound intensity level distribution — nominal frequency 200 Hz (One-third octave band)

For nominal frequency of 200 Hz, the sound wave passes through the structure perpendicularly.
Small deviations occur at the edges of the structure. This proves the low efficiency in eliminating noise
for these frequency components. In second type of results, tendency of the sound intensity vectors to
deviate can be observed. On Figure 5 the visualization of sound intensity level for nominal frequency
630 Hz are presented. The lowest values of sound intensity level can be found in the middle part of the
structure. The vector distribution also indicates the propagation of sound energy from the side sectors

of the structure. These results may indicate the insulating properties of the structure in this frequency
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range. Third group are results in which the intensity vectors form ordered patterns indicates properties
of the structure to change direction of sound wave propagation. An example of such results can be
visualizations for frequencies: 1600 Hz (Figure 6) and 2500 Hz (Figure 7). In order to better observe
these properties, the visualizations were presented with increased mesh resolution (with width

5 millimeters).
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Figure 6. Visualization of sound intensity level distribution — nominal frequency 1600 Hz (One-third octave band)
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Figure 7. Visualization of sound intensity level distribution — nominal frequency 2500 Hz (One-third octave band)

In both cases two radiating zones of sound are visible. At 1600 Hz beam is created between these
zones but at frequency two separate narrow beams occur. These effects appear in the range of the band

gap typical for space-coiling metamaterials and they are due to local resonances inside the structure.

4. Conclusion

Studies were not intended to prove the occurrence of the phenomena typical for acoustic
metamaterial (like negative bulk modulus or negative mass density) but for illustrate the energy
distribution behind the designed structure. Achieved sound intensity patterns indicate the presence of
local resonances in the structure. Visualizations of sound intensity level can be useful in evaluating the

solution especially where the metamaterial structure is tested under laboratory conditions.
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