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We theoretically propose a method to achieve an optimum absorbing material through a modulus-near-zero
(MNZ) metamaterial immersed in air or water with a change in slit width part. The destructive interference
has paved the way to achieve perfect absorption (PA). Depending upon theoretical analysis, an acoustic meta-
material (AMMSs) that supports resonance with a monopole (140 Hz) is developed to construct a low-frequency
sound-absorbing technology. The dissipative loss effect can be by attentively controlling onto slit width to
achieve perfect absorption. When there are thin slit width and visco-thermal losses in the structure, it is ob-
served that they lead to high absorption. We use finite element simulations via COMSOL Multiphysics software
to theoretical measurement in impedance tube and show the influence of structural parameters in both me-
diums. The results are of extraordinary correspondence at low frequency to achieve optimum perfect absorption
(99%). That might support AMMs to actual engineering-related applications in the process of mitigating noise,
slow sound trapping, notch filtering, energy conversion, and time reversal technology.
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1. Introduction

Recent years have seen the appearance of two types
of structures for wave modulation, known as metasur-
faces and metamaterials (X1A et al., 2017). Artificial
metamaterials refer to an artificially synthesized class
of materials with properties distinct from traditional
materials without violating objective physical laws
(L1u et al., 2020a). Manipulating sound waves, such as
acoustic cloaking (POPA et al, 2011), acoustic emis-
sion (LANDI et al., 2018), acoustic negative refraction
(GARCIA-CHOCANO et al., 2014; HE et al., 2018), sub-
wavelength imaging (MELDE et al., 2016; TIAN et al.,
2017), wave-front modulation (QUAN et al., 2014; XI1A
et al., 2017), and topological acoustics (CHEN et al.,
2018; QUAN et al., 2018), has significant developments
in artificial acoustic metamaterials with exotic effi-
cient parameters. Conventional absorbing materials as
materials containing porous require absorber material
characterized as being thick when dealing with range
having low-frequencies (ZHANG et al., 2018a). Diffe-
rent types of resonant elements may show different ab-

normal responses based on localized resonances. That
can be referred to as physical parameters of nega-
tive components. Acoustic membranes (HUANG et al.,
2018; L1, ASSOUAR, 2016; YANG, SHENG, 2017) and
rubber-coated rigid spheres (YANG et al., 2017) are
examples of dipolar resonance (ZHANG et al., 2018b)
components that can yield negative effective mass den-
sity. Other monopolar resonance components such as
Helmholtz resonators show the negative efficient bulk
modulus (SHAO et al., 2019). An exciting and challeng-
ing issue is sound absorption in deep subwavelength
space, especially at low frequencies. In this respect,
conventional techniques, for instance porous materials,
micro-perforated plates, and wedges for sound absorp-
tion, have significant limitations. New ideas to achieve
sound absorption in unusual ways have recently been
provided by the rapid development of acoustic meta-
materials, i.e. artificial acoustic materials with almost
arbitrary mass density and modulus (DUAN et al.,
2015).

L1U et al. (2000) first constructed a locally resonant
metamaterial and achieved control of acoustic waves on
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a subwavelength scale. L1 and CHAN (2004) designed
double negative AMMSs by introducing a periodic ar-
rangement of Helmholtz resonators. YANG et al. (2008)
proposed membrane metamaterials to enable control
of low-frequency waves. Due to the friction in thin
canals during the resonance, WU et al. (2016) used
the energy dissipation. This theory makes it possible
to obtain an absorption of 88.9% for a single meta-
material layer (WU et al., 2018). LEE et al. (2019) in-
dicated arrays of coupled Helmholtz resonators with
more than 90% absorption at 2200 Hz that could be
used to adjust the direction of airflow at the same time.
A stackable, ultra-open metamaterial absorber with
broadband performance was designed by XIANG et al.
(2019) with a calculation absorption coefficient above
0.6 in this 500 to 720 Hz frequency spectrum. How-
ever, these locally resonant metamaterials can only
control waves at their resonant frequency, which causes
high losses and leads to narrow operating bandwidths.
Furthermore, to achieve the double negative property
in locally resonant metamaterials, it is necessary to
combine structures with a negative mass density and
a negative bulk modulus, which causes construction
difficulties and poor structural robustness, thus limit-
ing the engineering application of these materials (L1u
et al., 2020b). Those metamaterials show extraordi-
nary acoustic characteristics such as tuneable band
(Lu et al., 2015a; 2015b; 2016; 2017; SHRESTHA et al.,
2018; YU et al., 2017a, 2017b; 2017c), acoustic trap-
ping, negative modulus, bandgap and effective nega-
tive mass (LU et al, 2020). Although little research
has been done on this, acoustic metamaterial absorbers
with near-zero modulus have been used for PA at
a deep subwavelength scale.

The present work proposes perfect absorption sys-
tems using modulus-near-zero metamaterials in air or
water with metamaterial I, I, and III, used to analyse
the optimized sound isolation design and the perfect
absorber. The energy dissipation due to friction in nar-
row channels during the resonance can be seen when
comparing structures. The finite element simulations
solver COMSOL Multiphysics software was utilized to
search structural-acoustic interaction. Total sound ab-
sorption could be achieved at an extremely low fre-
quency due to visco-thermal loss in the sub-wavelength
slit of an acoustic metamaterial. It is possible to adjust
the dissipation loss to achieve the perfect absorption
condition by adjusting the width of the metamaterial
structure’s slit.

Contrary to the work conducted previously by
SHAO et al. (2019), which focused on PA by deducting
analytically and demonstrating numerically that the
MA with a suitable imaginary part and a vanishing real
part of the bulk modulus can acquire perfect absorber,
in this paper we develop a general theory to get PA
with the modulus-near-zero (MNZ) metamaterial im-
mersed in air or underwater. Depending upon theore-

tical analysis, an acoustic metamaterial (AMMs) that
supports resonance with a monopole is developed to
construct a low-frequency sound-absorbing technology
and is also a good candidate for low-frequency perfect
sound absorbers.

2. Materials and methods

Recently, AMMs were developed for sound insula-
tion at low frequencies (CHEN et al., 2014; HUANG
et al., 2009; LEE et al., 2009; MEI et al., 2012; NAIFY
et al., 2011a; SHANSHAN et al., 2008; YANG et al.,
2010). According to the local resonance mechanism,
AMM can achieve total reflection and serve as a sound
insulation material. For example, the membrane-type
metamaterial is a typical sound insulation material.
Comparing with sound insulation materials in nature,
they have the capability of strong acoustic mitigation
in a deep-subwavelength scale (MA et al., 2015; MA
et al., 2014; NAIFY et al., 2011b; X1AO0 et al, 2015;
YANG et al., 2013; 2015). Sound insulation of noise
is appropriate and better by using such material to
evaluate sound insulation properties of complex mate-
rials. The structure of the theoretical model consist-
ing of air or underwater acoustic metamaterial and
rubber material with realistic geometric thickness d
is shown in Fig. la and is denoted as regions 1, 0,

q

Sound source

Sample

Fig. 1. a) Schematic diagram, the metamaterial slab (re-
gion 0) is located between two regions (1, 2) where d (geo-
metric thickness) and p;, pr, ps, Ps, and p; are the pressure
field amplitudes in the region 1, region 0, and region 2, re-
spectively; b) the samples (metamaterial slab) were placed
between two aluminum tubes with square cross-sections,
four microphones in the two-port technique, where p;, pr,
pt, p are the complex amplitudes of the incident, reflected
and transmitted plane waves, respectively.
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and 2, respectively. The air density is 1.21 kg/m?, the
water density is 1000 kg/m?, and the rubber density is
1300 kg/m?, while the corresponding bulk modulus of
the air is 1.42-10% N/m?, the water is 2.22-10° N/m?
and the rubber is 2.6 - 108 N/m?. The metamaterials
were placed in an aluminium tube with a square cross-
section, as presented in Fig. 1b. It is thus possible to
write the complex form of the time-harmonic solution
of sound wave pressure as (MAHJOOB et al., 2009)

+ -tk

P = e—iwt [pne +p;eikx]. (1)

The equations of the sound wave in the region (1),
(0), and (2) in Fig. 1a are as follows:
p = e—iwt [p.eik(xcoseﬂlsine) +p eik(wcose—ysina)] (2)
- 3 T )

iwt[ + —iko(x cosf,+ysinb,)

Po =€ Po€
+p(—)eiko(x cos 0,—y sin «90)], (3)
Py = 6iwt [pte—ik(x cos 0+y sin 9)] (4)

where p! and p;, are the pressure field amplitudes in
the region n (n = 0,1, and 2), w is the angular fre-
quency, k is the effective wave number for sound waves
propagating inside the structure (k = 27 f/c), where
f indicates the frequency in Hz, and ¢ sound velocity
of the air is 343 m/s, t is time, and @ is the incident
angle of sound waves. The complex pressures at the
measurement positions are then (FENG, 2013):

Py = pie +p e (5)
pir = p; eikaz + Dy 6*2‘]{?(12’ (6)
p; — peikag + e—ikag’ (7)
p; _ peika4 +py e—ika;;) (8)

where py, p,, and p; are transmitted, reflected, and in-
cident plane modes (FENG, 2013). From previous equa-
tions, the reflection, transmission and absorption coef-
ficients are obtained as follows:

R - b o [pizpiew (Cikb)Jexp(kbs) o

pi [pyexp(—ikby) - p;]exp(-ikbs)’

o - Pt _ [Py~ p3 exp (~ikbi)] exp(ikbs) (10)

pi [pyexp(—ikby) — p]]exp(—ikbs)

a=1-|R]*-|TJ. (11)

In formula b = a1 —as = a4 —ag and by = a1 = ay
since the microphones are symmetrically placed about
the metamaterial slab, where p7, p7, p3, and p3 are the
pressure field amplitudes, respectively.

3. Results and discussions
3.1. The metamaterial (I) in air or underwater

The acoustic metamaterial that absorbs the largest
possible amount of sound waves reflects the least pos-
sible of them, and at the same time, transmits more
waves. The sound travels in the form of waves that can
be absorbed by structures or reflected on them, and
the best types of structures to absorb sounds are those
that have rough surfaces, holes, or zigzag inside them.
The appropriate structure picks up the sound waves
and moves them inside so fewer vibrations produce the
perfect absorption. Figure 2 shows the absorption co-
efficient of acoustic metamaterial (I) in air or underwa-
ter at a frequency range of 100-1000 Hz. The absorp-
tion does not appear in one and two structures but is
only achieved in a four-structure with a slit width of
2.5 mm, as shown in Fig. 2a. In the air, the absorption
peak with coefficients 0.34 and 0.36 appears at 310 Hz
and 690 Hz (Fig. 2b). In Fig. 2¢, absorption coeflicients
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Fig. 2. a) Schematic arrangement of metamaterial I in

one, two, and four structures, respectively, at slit width

(2.5 mm). The absorption coefficients for metamaterial I

(four-structure) as a function of frequency (b) in the air

(c) underwater.
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are slightly less than 0.1 within the range from 100-
1000 Hz underwater. The incident waves pass through
this structure, and the non-trapped energy in the reso-
nant element produces a large rate from reflection and
transmission coefficients.

3.2. Comparison between metamaterial (II)
and metamaterial (II1) in air

In order to create a perfect absorber, we built the
metamaterial structure to fulfil the perfect absorber
(PA) condition. The cross-sectional schematic view of
the metamaterial structure, indicating zero mass den-
sity and bulk modulus, is shown in Fig. 3a. The meta-
materials’ outer and inner radii are R; and Ry, re-
spectively. The structure is uniformly divided into two
parts. Each portion has an interdigital zigzag channel
with the outer slit width wq, the inner slit width wo,
and the wall thickness t; slit width w showing a par-
tition chart of modulus-near-zero acoustic metamate-
rials geometric parameters is shown in Table 1. This
chart focuses on the metamaterial II and III in air, re-

ferring to the highlighted domains in Fig. 3b. Search-
ing for the incident sound waves entering through to
slit width in metamaterial I and IIT paves the way
to achieve the PA. In metamaterial III, we used the
incident sound waves to enter one side onto a homoge-
nous metamaterial slab with a changed slit width of
2.5 mm. We employed the equations to calculate the
optimum sound absorption. We started the analysis
by conducting metamaterial 11, III (one, two, and four
structures) and determining the perfect absorption at
low frequencies, as shown in Fig. 4. At resonance fre-
quencies of 280 Hz and 120 Hz, we show a high peak
of perfect absorption at 0.79 and 0.99, respectively, in
one-structure metamaterial slab II and III in Fig. 4a.

The absorption spectrum is shown in Figs 4b
and 4c, where two-structure and four-structure data
are well-matched in metamaterial slab II, and III,
and are marked in Fig. 3b. Figure 4b shows the mea-
sured acoustic absorber at 0.89 and 0.95 in the
frequency ranges at 145 Hz and 270 Hz, respectively.
From Fig. 4c, unitary sound absorption occurs at
140 Hz and 260 Hz. These results demonstrate that the
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Fig. 3. a) Designed metamaterial units, b) The schematic diagram for the left-side metamaterial slab II at slit width
(7.8 mm) and the right-side of the incident sound waves to enter one side onto homogenous metamaterial slab IIT at a slit
width (2.5 mm).

Table 1. Geometric parameters of the

modulus-near-zero metamaterial slab.

Slab | Ry [mm| | Ry [mm| | wy [mm]| | we [mm]| | w [mm]| | ¢ [mm] d [m] d. [mo]
one-structure four-structure
II 33.5 10 4 4 7.8 1.5 70 140
111 33.5 10 4 4 2.5 1.5 70 140
a) b) c)
10 1o 0 © two-structure
0.8 081 081
0.7 4 0.7 o 0.7 4
06 06+ 067
g’o.s- 205 2054
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Fig. 4. Absorption coefficients as frequency function for: a) one-structure in metamaterial slab II and III, b) two and
four-structure in metamaterial slab II, c) two and four-structure in metamaterial slab III in air.
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metamaterial slab III sound absorption peak is slightly
higher than metamaterial II. It is found that the
transmission and reflection coefficients are almost can-
celled (~0) for quantifying the optimum amount of
absorbed energy in this structure via adjusting the
slit width and the visco-thermal effect of control-
ling the loss of the metamaterial acoustic. Conse-
quently, the slit width plays a part in suppressing the
transmission and decreases the reflection because of de-
structive interference. These results indicate that the
newly designed metamaterial I1I has excellent absorber
acoustic properties and will be promising in engineer-
ing applications.

3.8. Comparison between metamaterial (II)
and metamaterial (II1) in underwater

The impedance matching with the background is
one of the most important things for interacting a re-
sonant loss structure with an incoming wave. We cha-
racterized both the intrinsic loss and the leakage rate
of energy at the resonant frequency. The balance be-
tween the loss and the leakage generates a maximum
energy absorption, corresponding to the critical cou-
pling condition that traps the energy around resonance
elements. The energy trapped in the resonance element
was used to perfectly absorb the energy, i.e. without
transmission or reflection in transmission systems. For
the simulation demonstration of the perfect absorption
onto acoustic metamaterial, we modelled a composite
material of the metamaterial slab IT and IIT underwa-
ter. In Fig. 5a, absorption coefficients show 0.562 and
0.205 at 311 Hz and 310 Hz, respectively, in one struc-
ture because PA differs from each other due to the
different slit widths of the metamaterial. Figures 5b
and 5c¢ show the absorption coefficient of the meta-
material slab II and III underwater in two and four-
structure, respectively. The results clearly show a per-
fect absorption peak in metamaterial slab II and III
at around 338 Hz, and 340 Hz is 0.96 and 0.88, respec-
tively, for two-structure and unitary sound absorbers
at four-structure. However, the simulation results re-
veal that the MNZ (four-structure) underwater within

the frequency range of 338 Hz and 340 Hz leads to an
optimum absorption. The absorption peak is stimu-
lated by intense underwater resonance in the width
of the slit. Then the sound energy is essentially dis-
sipated by viscous damping and loss of friction. As
a result, the energy of the incidence wave is gener-
ally consumed because of the more considerable fric-
tion occurring between the slit width and acoustic
wave. Hence, the absorption mechanism with a low-
frequency range regarding an acoustic absorber con-
verts the acoustic energy to thermal energy in the res-
onant frequency.

4. Conclusions

In summary, we constructed acoustic metamate-
rials immersed in air or water by creating a meta-
material slab I, II, and III. Therefore, metamaterial
structures for satisfying the perfect absorber (PA) at
low frequency are designed. We focus on the con-
cept of (MNZ) metamaterials in acoustic waves, both
air and underwater. A theory of the perfect absorber
of modulus-near-zero metamaterials is proposed. The
visco-thermal dissipation has a significant impact on
the slow sound propagation in waveguides. This feature
was exploited for low-frequency acoustic absorbers,
which play an essential role in sound absorption in
AMMs containing slits of subwavelength. Because of
the existence of the loss technique, the behaviour at
Fabry-Pérot resonances relies ideally upon the effec-
tive geometry permeability-near-zero material slab, slit
width, and medium that could be detected for achiev-
ing higher absorption. At the frequency of resonance
<500 Hz, the effect of sound-absorbing materials possi-
bly reaches 99%. The friction loss of sound wave energy
contributes extremely to better performance regarding
sound absorbing of this material.

Furthermore, the theory of the MNZ can be used
to clarify the other cases’ absorption in a way. The
idea of designing the modulus-near-zero metamaterial
acoustic can be propagated directly to the optimum
sound absorption design in the path of propagation.
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Fig. 5. Absorption coefficients as frequency function for: a) One-structure in metamaterial slab II and III, b) two and
four-structure in metamaterial slab II, c) two and four-structure in metamaterial slab III in underwater.
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Our design has a high sparsity advantage compared
to previous metamaterials, ease of fabrication in 3D
printing, and robustness in practical applications.
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