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Abstract

I constructed two models for achieving a perfect absorption acoustic metamaterial using a
hexagonal honeycomb structure in the air with a change in folding number. The purpose of these
models was to construct a hexagonal honeycomb metamaterial derived from Polydimethylsiloxane
(PDMS) polymer. I carried out finite element simulations using COMSOL Multiphysics software
to take theoretical measurements for our honeycomb structure and to show the influence of
structural parameters in our models. Our simulations revealed that, depending upon the theoretical
analysis, an acoustic metamaterial that supports resonance at 210 Hz for folding number n = 6 can
be developed to construct a low-frequency sound-absorbing technology. I demonstrate that the
dissipative loss effect can be controlled by folding number and high space utilization through
adjusting the hexagonal dimensions to achieve perfect absorption. I also demonstrate the important
effects of folding number, rotation angle, and structural parameters on improving acoustic
absorption performance for honeycomb structural design. The results are of extraordinary
correspondence at low frequency for achieving an ideal sound absorbing material.

Keywords: Acoustic focusing; acoustic metamaterial; hexagonal honeycomb structure; perfect
absorber; sound insulation.

1. Introduction

Acoustic metamaterials (Mei et al., 2012) and metasurfaces (Ma et al., 2014) have attracted a great
deal of work dedicated to designing new materials and structures of deep subwavelength thickness
at work frequency in recent years. Acoustic metamaterials have been an important study topic in
recent years. Acoustic cloaking, perfect absorbers (Ma et al., 2014), Sound concentration based on
index lens gradient (Climente et al., 2010; Welter et al.,2011; Zhao et al., 2016), acoustic topological
systems (Ni et al., 2015; Peano et al., 2015; Peng et al., 2016), and other applications have been
developed. Furthermore, nonlinear acoustic metamaterials have recently received increased interest
via research on acoustic diodes (Li et al., 2011; Liang et al., 2009), bifurcation-based acoustic
switching and rectification (Boechler ef al., 2011), nonlinear acoustic lenses (Donahue et al., 2014),
and acoustic solitons (Achilleos et al., 2015). In other research, linear losses are attributed to low
dissipation. However, nonlinear losses may quickly arise in acoustics, for example, due to
geometrical discontinuities. Controlling sound waves on a subwavelength scale was challenging in
acoustics due to the constraints of the mass law until the discovery of acoustic metamaterials ( Li &
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Chan, 2004; Li et al., 2016; Liu et al., 2000; Pennec et al., 2008; Yang et al., 2008). Artificially
constructed acoustic metamaterials contradict the mass rule and exhibit several exceptional and
uncommon acoustic characteristics such as negative refraction ( Feng et al., 2005; Li et al., 2016;
Mokhtari et al., 2019; Nemat-Nasser, 2019; Zhang & Liu, 2004; Zhu et al., 2014), acoustic focusing,
and remarkable transmission, piquing the attention of many scientists and researchers ( Liu et al.,
2020; Songkaitiwong & Locharoenrat, 2020). In-room acoustics sound absorption is essential (e.g.,
reduction of noise). In recent decades, the following have been widely explored: Dark-acoustic
metamaterials, including such porosity (Biot, 1962) structures (Lee et al., 2010; Ma et al., 2014),
hybrid resonator membrane patterns (Jiang et al., 2017; Xiao et al., 2015; Zhao et al., 2020),
metamaterials of plates (Badreddine et al., 2012), and resonators of the Helmholtz oscillation (Cai
et al., 2014). The resonant structures supporting the increasing density of acoustics during resonant
frequencies have been highly able to absorb sound (<500 Hz) at low frequency due to the non-trivial
wave diffraction of conventional sound-absorber material plastic foam, fiberglass, and mineral wool
(Allard & Atalla, 2009). As stated in earlier studies, space coiling may be used to build
counterintuitive metamaterials. These metamaterials have a single negative/double negative zero
indexes metamaterial and a very high index of refractive metamaterials. These extreme material
characteristics are usually complex values in which the imaginary parts indicate the intrinsic loss or
absorption of energy. Note that the zigzag or spiral patterns improve absorption by extending the
length of the viscous limit. (Xie ef al., 2020).

This paper investigates the acoustic metamaterial of a honeycomb structure with various
designs that cause the optimal acoustic insulation and absorber design using hexagonal honeycomb
structure. The use of finite element simulations via COMSOL Multiphysics software to calculate the
absorption coefficient of the hexagonal honeycomb metamaterial. To improve the accuracy of the
sound absorber. I proposed models by adjusting the internal parameters of the acoustic metamaterial.

2. Result and discussion

The low-frequency sound (<500Hz) attenuation by deep subwavelength thickness absorber (<5cm)
is very interesting in noise control techniques. However, the high penetration of low-frequency
sound and essential weakness dissipation of common materials has been challenging. The
traditional materials for absorption of sound, such as porosity materials, have proved to be efficient
in sound absorption at high frequency (>1000 Hz), but with low frequencies limits if the restricted
thickness is imposing (Wu et al., 2019). As shown in Figures 1(a) and 1(b), the honeycomb
structure has a dimension of length L = 188 mm, width w = 164 mm, height # = 80 mm and the
hexagonal inscribed in a circle with that radius to be 30 mm, neck width w; = 10 mm and inner
width w> = 8 mm. In theoretical design consisting of air and acoustic metamaterial
Polydimethylsiloxane (PDMS) polymer. The air density is 1.21 Kg/m’, and the
Polydimethylsiloxane (PDMS) density is 995 Kg/m?, while the corresponding sound velocity of
the air is 343 m/s and sound velocity of the Polydimethylsiloxane (PDMS) is 1000 m/s. The
metamaterials were placed in an aluminium tube with a square cross-section, as presented in
Figure 1(c).



Fatma Nafaa Gaafer

microphones (c)

" NN

So S 7
Py»— > P
sound H, < & <—=p
source
sample

Fig. 1. (a) Schematic diagram of the hexagonal honeycomb structure dimensions without models.
(b) Schematic diagram of the hexagonal honeycomb structure with the second model at n = 6. (c)
The samples (honeycomb structure) were placed between two Aluminum tubes with a square
cross-section, four microphones in the two-port technique, where p, p;, pi, pr, and are the complex
amplitudes of the transmitted, incident, and reflected plane waves, respectively.

I carefully designed two models of the absorber acoustic metamaterial of the honeycomb
structure constructed based on the folding number, angle of rotation and geometric parameters of
the metamaterial that were changed with high space utilization and moderate lateral dimension to
match a hexagonal structure dimensions. Figures 2(a) and 2(b) show the schematics of the folding
numbers from n =2 to n = 6. The first model is denoted in Figure 2(a), where the folding number
n = 2 at an angle of rotation by 180°. For the folding numbers » = 3 and 4, the inner shape is
designed to be less by 75% at an angle of rotation by 120°, 90°, respectively. When the rotation
angle by 72° and 60°, respectively, the internal parameters of the model are decreased by around
70% in the designed structure at folding numbers » = 5 and 6, as marked by the arrow in Figure
2(a). Figure 2(b) shows that the inner shape of the second model metamaterial is designed to match
the outer hexagonal structure with narrow channels that take the form of hexagonal at the folding
number n =2, 3, and 6 with an angle rotation by 180°, and 120°, respectively. The internal channels
hexagonal structure takes the form of a honeycomb lattice.
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Fig. 2. (a) and (b) Schematic diagram, the hexagonal metamaterial structure with different
folding numbers n, rotation angle, and geometric parameters.

I employ the COMSOL Multiphysics finite element solver to calculate the acoustic
metamaterial simulation absorption coefficient as 4= 1 - |r|?- |#|> with r and ¢ representing the
reflection and transmission coefficients, respectively. The microphones are placed symmetrically
about the sample with the positions, as shown in Figure 1(c). The complex pressures at the
measurement positions are then (Mahjoob et al., 2009):
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p1 = p;e*Pr +p, e kb (1)
p, = piePz +p, e kb2 (2)
ps = pebs +p, e tkbs 3)
py = pebs +p e tkbs (4)

The four complex sound pressures can then be obtained from the measurements as

pi = (p1exp(ks,) — pz)exp (—jksy) (5)
Pr = (P2 — p1exp(—jks,))exp (jks;) (6)
p = (psexp(jks,) — ps)exp (—jksy) (7)
Pr = (p3 — paexp(—jks,))exp (ks ) ®)

In formula s, = b; —b> = b4 — bz and s; = b;= b4 since the microphones are symmetrically
placed about the metamaterial slab. where p;, p,, and p; are transmitted, reflected, and incident
plane modes, respectively (Feng, 2013). From previous equations, the reflection (» = p,, p;), and
transmission (¢ = p;, p;) coefficients are obtained as follows:

(p2 — p1 exp(—iksy)) exp (iks;)

"= (o exp(iksg) — Py )exp (—iksy) ©)

_ (p3s — paexp(—jks,))exp (jks;)
B (py exp(iks,) — p,)exp (—iks;)

(10)

Where 59 and s; are the distance between microphone and sample, respectively, k is the
effective wave number for sound waves propagating inside the structure (k = 2mf/c, where f
indicates the frequency in Hz, and ¢ sound velocity of the air is 343 m/s).

If waves travel through the structure of a wave, energy trapped in the resonant element
produces a perfect metamaterial absorber. In the first model, I would study the effect of a different
folding number with inner shape dimensions of the honeycomb structure to achieve ideal sound
absorption. The absorption performance of the absorber is tightly related to its inner meandering
paths in the honeycomb structure. The results reveal high space utilization in hexagonal
honeycomb structure led to a perfect absorber at the decreased rotation angle in the five cases, as
shown in Figure 2(a). Figure 3(a) shows the effect geometric parameters of the absorber with three-
folding numbers (n=2, 3, 4) at low-frequency of 209Hz, 242Hz, and 202Hz, respectively. It can
be found that the absorption coefficient peak at 0.935, 0.722, and 0.95, respectively. It can be seen
that the absorption coefficients peak moves to low frequency, the peak of sound absorption has
been improved with the increase of the folding number, and the sound absorber performance of
the honeycomb structure with n = 4 is better than that of the other two structures. Figures 3(b) and
3(c) compare the sound absorptions for the folding numbers between n = 5 and n = 6 with low-
frequency. Figure 3(b) shows a high absorption peak at a lower frequency by 128.5Hz and 140 Hz
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at 0.999 by adjusting the folding number n = 5. From Figure 3(c), the frequency of the sound
absorption of the honeycomb structure is 114.5Hz and 124Hz at (0.95) of the absorption
coefficient. I further compute the velocity fields in the absorber metamaterial to detect the physical
mechanism of acoustic absorption in the structure. Figures 3(d)-3(j) show the simulated particle
velocity fields at different frequencies of 209 Hz, 242 Hz, 202 Hz, 128.5Hz, 140 Hz, 114.5Hz and
124Hz, respectively, where the arrows mark the corresponding absorption coefficients in Figures
3(a), 3(b) and 3(c). From simulations, the local resonances play an essential role in the optimal
sound absorber, which causes non-trivial relative motion in the viscous boundary layer through
resonance-induced velocity fields (Ward et al., 2015).

(a) (b) (¢)

H
204

1‘;5 150 155 130
Frequency (Hz)

202 Hz

114.5 Hz
Fig. 3. (a), (b), and (c) Absorption coefficients as frequency function for acoustic metamaterial in

the air at different folding numbers n = 2, 3, 4, 5 and 6. (d-j) Simulated particle velocity fields of
sound at the frequencies of 209 Hz, 242 Hz, 202 Hz, 128.5Hz, 140 Hz, 114.5Hz, and 124Hz,
respectively.
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Figures 4(a), 4(b), and 4(c) show that the internal geometric parameters change with designs,
as shown in Figure 2(b). Searching for the incident sound waves entering through to honeycomb
metamaterial paves the way to achieve the perfect absorber at low-frequency. The incidence wave
energy is lost mainly because of the increased friction between the wave and the internal shape of
the channels. Therefore, an acoustic absorber low-frequency absorption mechanism converts sound
energy resonance frequency into thermal energy. Figure 4(a) and 4(b) shows the absorption
coefficient of the absorber. One can observe that the finite element simulation results are 210 Hz and
119.5 Hz at folding numbers (n = 2, 3) with an absorption peak of 0.982 and 0.81, respectively, and
almost perfect absorption is obtained. Due to the severe air resonance in the wave structure, the
absorption peak is generated, and after that, the sound energy is dissipated mainly by the loss of
friction and viscous damping. The absorption coefficient set by #» shows that the metamaterials enable
to slow down the effective speed of acoustic waves due to path elongation through folded narrow
channels. Unitary sound absorption is seen at 210 Hz for n = 6, i.e., absorption peaks are substantially
increased at low frequencies while n increases, as shown in Figure 4(c). In Figure 4(d) - 4(f), I further
show the particle velocity fields at the rotation angles of 180° and 120°, with the frequencies at 210
Hz, 119.5Hz, and 210 Hz, respectively. The results reveal that at the operating frequencies for the
three cases, local resonances take place with non-trivial particle velocity fields observed at the
rotation angles, leading to perfect sound absorption. It provides two critical guidelines for the
application of acoustic metamaterial devices. Firstly, the maximum intensity of absorption is affected
by n and also the internal geometric parameters. The other is that the effective length of the hexagonal
structure of the internal channels primarily affects the optimum absorption.
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Fig. 4. (a), (b), and (c) Absorption coefficients as frequency function for acoustic metamaterial in
the air at different folding numbers n = 2, 3, and 6. (d-f) Simulated particle velocity fields of sound
at the frequencies of 210 Hz, 119.5 Hz, and 210Hz, respectively.
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3. Conclusion

A finite element simulation of the acoustic metamaterial composed hexagonal honeycomb
structure with different folding numbers n for two models are developed using multi-physics
commercial software COMSOL. Therefore, metamaterial structures for satisfying the perfect
absorption at low frequency in the air are designed. I focus on the concept of hexagonal honeycomb
metamaterial with changes in shapes dimensions and folding numbers to match hexagonal
structure dimensions. A theory of the perfect absorber of hexagonal honeycomb metamaterial is
proposed. This feature was exploited for low-frequency acoustic absorbers, which play an essential
role in sound absorption in honeycomb metamaterial containing the influence of structural
parameters and effective length of the hexagonal structure of the internal channels that could be
detected for achieving higher absorption. At the frequency of resonance 210 Hz, the effect of
sound-absorbing in the second model material is reached 99%. The friction loss and viscous
damping of sound energy contribute extremely to better performance related to the sound-
absorbing of this metamaterial.
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