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Abstract
Acoustic metamaterials with deep-subwavelength thickness have aroused increasing
interests for potential applications in low-frequency sound and vibration control. Most
reported metamaterials, however, are for airborne sound, with fewer for
low-frequency waterborne sound absorption because of water’s much longer
wavelength, weaker dissipation and closer impedance to solids. Current underwater
sound absorption (SA) approaches merely work at broadband high frequencies
(typically above 2 kHz) or narrowband low frequencies (by introducing discrete
narrowband spring-mass local resonators (LRs)). Herein, an ultra-thin meta-absorber
is proposed to achieve broadband low-frequency underwater SA via inserting thin and
thickness-graded circular-elastic-plate scatterers (CPSs) into an elastomer matrix.
Capitalizing on the thickness gradient among the CPSs and a backing plate behind the
elastomer, the proposed design entails continuous broadband LRs, enriches the
content of both local and coupled resonance modes inside the meta-absorber unit and
enhances the coupling among them, thus enabling high and quasi-perfect SA at
multiple frequencies and broad low-frequency range with a deep subwavelength
thickness. Notably, quasi-perfect SA (>0.97) is realized at 415 Hz with an absorber
whose thickness is 1.7% of the sound wavelength. An optimized design yields
excellent sound absorption (>0.9, 0.952 on average) in the low frequency range from
500 to 2000 Hz. Such broadband low-frequency SA is confirmed by experiments.
This research offers a novel and effective solution to achieve broadband
low-frequency underwater SA, which may open up a new avenue to broadband
low-frequency sound control using sub-wavelength structures.
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1. Introduction

Designing broadband low-frequency acoustic metamaterials with deep-subwavelength
thickness is of great interest and significance for applications such as acoustic sensing,
noise shielding and super-resolution imaging [1]. Especially, high-performance
water-borne acoustic metamaterials are of paramount importance for underwater
stealth by functioning as e.g. an underwater anechoic coating. However, most reported
low-frequency metamaterials with deep-subwavelength are for airborne sound [2-9].
Unlike airborne sound, waterborne sound has much longer wavelength but lower
dissipation. Besides, the much smaller impedance contrast between water and most
solids prevents the latter from being treated as rigid as often assumed when designing
airborne metamaterials, so that the acoustic-structural coupling can no longer be
neglected [10]. Thus, underwater meta-structure designs are much more difficult than
those for airborne sound. An ideal underwater acoustic absorber calls for two
pre-requisites: a characteristic impedance closer to that of water and a sufficiently
large loss. The former guarantees an effective entry of incident sound waves into the
structure while the latter ensures a sufficient dissipation of the entered energy. For
homogenous sound-absorbing materials, however, reflection coefficient is
proportional to the loss factor [11], i.e. the larger the loss factor, the higher the
reflection or the weaker the impedance matching. Hence, the impedance matching and
the high dissipation requirement are two competing factors, which are difficult to
conciliate in conventional homogenous materials.

To improve sound absorption (SA), various sound-absorbing structures have
been introduced to the surface/inside of materials to provide resonant or non-resonant
underwater SA. Typical examples include air cavities as monopole resonators [12-14],
rigid inclusions as dipole resonators [15-17], embedded local resonators (LRs) [18,19],

gradient index structures [20,21] and porous structures [22-24], etc. Although these
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structures can improve the SA to a certain extent, they show obvious deficiencies. For
example, air cavity inclusions are vulnerable to resist hydrostatic pressure. Rigid
inclusions enhance the overall structural strength at the expense of compromising
low-frequency SA. Similarly, existing gradient index structures, despite their intrinsic
broadband nature, also suffer from poor low-frequency performance. Embedding LRs
into absorbing materials provides an alternative to achieving low-frequency SA at a
sub-wavelength thickness scale through local resonance mechanism [25-27]. These
LRs usually consist of softly coated heavy cores embedded into a hard matrix and can
be regarded as single degree-of-freedom (DOF) mass-spring resonators. As such, their
absorbing bandwidths are relatively narrow. Investigations suggest that applying
layers of absorbing materials with single DOF LRs [26] or multilayered LRs [27] has
limited effect on SA band broadening.

As an attempt to achieve wideband SA, Jiang ef al. [28] introduced network
structures into local resonant materials to form a phononic crystal called phononic
glass, which demonstrates strong SA in 12-30 kHz at high hydrostatic pressure. They
also introduced woodpile structure into locally resonant materials, yielding locally
resonant bandgaps in different frequency ranges or broadened SA from 5 to 30 kHz
[29]. Note the achieved SA still mainly applies to high frequencies. Efforts were also
made to use rubber coating embedded with combined cavities and rigid
inclusions/LRs to improve the SA and its bandwidth [30,31], with nevertheless
limited success due to the relatively weak coupling among different scatterers. Wang
et al. [32] fabricated a sound absorbing material by combining a carbon fiber
honeycomb skeleton with a gradient cavity shaped polyurethane to produce
broadband SA above 2400 Hz under a hydraulic pressure of 1.5 MPa. Reported works
allude to the idea of introducing multiple yet continuous LRs into an elastic medium
for multiple and broadband resonant absorption, as opposed to the narrow band
absorption induced by multiple single DOF LRs. A prototype of a such structure was
proposed by Zhang et al. [33] via inserting 1D thin elastic strips/beams of varying
lengths into a viscoelastic layer. However, that work was limited to a two-dimensional

(2D) conceptual model without experimental validation and optimization design.
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Besides, the backing structure behind the absorber is not considered in the modelling,
which is usually present in typical underwater applications and has been shown to
affect the low-frequency underwater SA to a great extent [34]. So achieving effective
broadband underwater SA in the low frequency range, typically below 2 kHz, by a
subwavelength structure is still a bottle-necking challenge.

Herein, we propose a three-dimensional (3D) meta-absorber to achieve
broadband underwater SA below 2 kHz. The 3D absorber consists of a plate-backed
elastomer layer with a cluster of embedded scatters made of thin circular elastic plates
with graded varying thickness. Unlike the conventional local resonances arising from
multiple discrete single DOF mass-spring LRs, the mechanism underpinning the
current design roots in the creation of multiple continuous broadband local resonant
structures in form of multiple elastic plate scatters of graded thickness. While
increasing the type and number of the local resonance modes, the proposed design
facilitates the generation of coupled resonance modes inside the structure. Alongside
the thickness gradient and the backing plate, the local dynamic of the absorber unit is
enriched through enhanced modal coupling, as demonstrated by numerical
simulations. By design, optimization, fabrication and experiment test, we demonstrate
that the proposed meta-absorber with a deep-subwavelength thickness can deliver
exceptional and even quasi-perfect SA within a broadband low-frequency range as a
result of the enriched local dynamics inside the structure and coupled locally resonant

responses arising from the design.

2. Three-dimensional meta-absorber modeling

The proposed meta-absorber, taking the form of a layer of steel-plate-backed
elastomer with infinite size as schematically shown in Fig. 1(a), consists of hexagonal
unit cells (Fig. 1(b)). The acoustic media above and beneath the meta-absorber are
semi-infinite water and air, respectively (Figs. 1(c)). A plane harmonic wave is
incident upon the top surface of the meta-absorber from the semi-infinite water
domain. In each unit cell, / parallel thin elastic circular plate scatters (CPSs) with

gradient varying thickness are inserted into the elastomer matrix. The lattice constant
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1s [, and the radius of CPSs is r. The thickness of the ith CPS from the bottom of the
absorber, /2, is varied according to
hyi=hn+ ({[)An,i=1,2,3, ... L (1)
where Ay, is the thickness gradient, and /21 is the thickness of the /th CPS.
The acoustic pressures in the upper and lower fluid satisfy the 3D sound wave

equation:
vip=—-F @)

where 7 denotes time; and  are the sound pressure and the associated sound speed
in the fluid.

In the acoustic-structural interface, the continuity of particle displacement
implies:

o'u
Pl -Vp A3)

where  is the particle displacement.
Because of the spatial periodicity of the scatters in the meta-absorber, only a unit
cell of the periodic meta-absorber needs to be modeled according to the Bloch

theorem. The periodic boundary conditions can be written as:

rc+ .+ ,)=r¢, )¢ " ), (4)
where [ represents any spatial function (the sound pressure in the fluid or
displacement in the structure); and denote the lattice sizes of a unit cell in the

x and y directions, respectively; and and are the angles between the incident
sound direction and the z-axis and between the incidence sound direction and x-axis,
respectively. The reflected and transmitted sound waves can be written in the form of

the sum of series as following equations:

p = ST R ®
Pe=2 D T o, (6)
where k,.=ksin6 cosp +mm /d, , k, =ksing,sing, +nz /d,
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and k, =.,/k" -k, —k, are the acoustic wavenumbers in x, y and z directions,

respectively.
The full dynamics of the 3D meta-absorber is simulated based on finite element
method (FEM). The discrete governing equation for the coupled structural-acoustic

problem of a unit cell in Fig. 1(c) based on FEM can be written as [35]:

B [ L

where and are the stiffness, damping and mass matrix, respectively; the
subscripts § and f denote the structural and fluid components, respectively; and
are the nodal values of the pressure normal gradient on the fluid domain
boundaries;
is the coupling matrix describing the coupling conditions on the interface between
the acoustic fluid and the structure; is the fluid density and the angular
frequency. Perfectly matched layers are adopted for both acoustic domains to simulate
anechoic terminations. The modelling domain can be further simplified as a quarter of
the unit cell considering the symmetry of the structure and in the case of a normal
excitation. To ensure the accuracy of calculation, the maximal element size is set to be
a fifth of the minimum wavelength in the material associated with the highest
concerned frequencies.

By combining Eq. (7) with the periodic boundary conditions Eq. (4), the
displacement  of the structure and pressure  in the fluid can be determined. The
amplitudes of the reflected and transmitted sound pressures and in Egs. (5)
and (6) can thus be obtained by applying the displacement continuity and stress
equilibrium at the fluid-structural interfaces.

The sound absorption coefficient (AC) is thus calculated by
a=1-R*-T" (8)

where  and T are the reflection and transmission coefficient and can be obtained by

R= /Z|Rmn > and )
k2, >0
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T= > IT,,[ (10)
respectively.
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Fig. 1. Schematic diagram of the meta-absorber (a) hexagonal arrangement in vertical
view, (b) a hexagonal unit cell, (c) a unit cell with upper and lower fluids, (d), (e), and

(): 3D, 3D-axisymmetric and 2D-axisymmetric models of the unit cell, respectively.

3. Results and discussions
The material and geometrical parameters of the each components used for the

simulations are: for the elastomer layer, ; =6cm, ; =580kg/m3, =528,/1+ ]

m/s, =201+ m/s, = =0.05,]=6.49 cm with and being the
velocities and the associated loss factors of the waves in the elastomer (¢ = d for
dilatational waves and ¢ = s for shear waves); for the CPSs, » =5 cm, p2 = 7800 kg/m?,
E> = 216(1+ 0.001j) GPa, v2» =03, [ =6, hoi =5 mm, i= 1, 2, ..., I, for the first

investigated case with six CPSs of equal thickness while /i = hor + (I—i)As for the
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case when different thickness gradient of CPSs A is introduced (under an isochoric
constraint for CPSs); the backing plate (thickness # = lcm) has the same material

parameters as the CPSs.

3.1. Validation of the method

To verify the accuracy of the FEM model, the ACs from a uniform absorber,
made of a water-loaded and plate-backed uniform elastomer without embedded CPSs,
calculated by using FEM and the theoretical method [33] are plotted for comparison
in Fig. 2. Note a plane harmonic wave with a normal impinging angle from the
semi-infinite water domain is considered in the present and following calculations. As
shown in Fig. 2, the ACs from the two methods demonstrate excellent agreement, thus
verifying the FEM model. It is also noticed that the ACs from the uniform absorber
without CPSs show relatively low absorption in the concerned frequency range with a
peak value of 0.41 at /= 900 Hz. This peak corresponds to the resonance of the
water-elastomer-backing plate system, acting as a mass-spring-mass resonator [36,
37]. In a way, this shows the existing challenges facing the conventional sound

absorber design.
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Fig. 2. Comparison of absorption coefficients of a uniform elastomer with a

backing plate by using FEM and theoretical method.

3.2. Absorption from 3D meta-absorber

The ACs from the 3D meta-absorber with the embedded CPSs are then shown in
Page 8 of 26



Fig. 3. The case with six CPSs of equal thickness is first investigated. It is observed
that compared with the uniform absorber without the embedded CPSs, AC from the
meta-absorber is enhanced within the entire frequency range with multiple absorption
peaks where high or quasi-perfect absorptions are achieved. Especially, nearly perfect
absorption (over 97%) is observed at 440 Hz, where the meta-absorber thickness is
merely 1.8% of the incident sound wavelength, A (= / ), namely at a
deep-subwavelength scale.

To identify these peaks and understand the underlying physics, the displacement
fields at these frequencies corresponding to the first twelve peaks Aj-Apx are
examined in Fig. 3(b) (upper row: the whole unit cell; middle row: one eighth of the
unit cell; and lower row: the top surface of the unit cell). It is observed in Fig. 3(b)
that such a unit cell exhibits very rich and different resonance patterns at different
frequencies. For low-frequencies peaks Ai-As, significant vibration occurs mainly
around the corners, edges, or both corners and edges of the upper side of the
meta-absorber, respectively, and can be loosely classified as corner modes and edge
modes. As the frequency increases, energetic vibration deformation starts to appear at
the upper surface of the meta-absorber to form surface modes. With further increase in
frequency, they eventually involve more obvious deformation from the corner, edge,
and surface of the unit to form more complex hybrid resonance patterns, exemplified
by As-A1o. For even higher frequencies (A11-A13), significant vibration is also noticed
inside the meta-absorber to form body modes, in which strong dynamics are also
observable in the elastomer part between the CPSs. Note that the vibration patterns
associated with two peak series, As-A1o and with Aji-Ai3, are due to the coupling
among different modes (corner, edge, and surface). For each series, the resonance
frequencies are closely spaced, and the corresponding vibration displacement shows
resembling resonance patterns. As a result, this enriches modal coupling to yield
complex system dynamics inside the unit, which is responsible for the high and
quasi-perfect behavior at multiple frequencies and within a broad low-frequency

range at a deep subwavelength thickness.
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Fig. 3. (a) Absorption coefficients from the meta-absorber and the uniform absorber
counterpart. (b) Displacement fields corresponding to the first twelve absorption
peaks (upper row: the whole unit cell, middle row: one eighth of the unit cell, and

lower row: the top surface of the unit cell).

Then, a linear thickness gradient of the CPSs is introduced to evaluate how it
would affect the SA of the meta-absorber. Figure. 4 shows the ACs for different
thickness gradients 4,. To ensure fair comparisons, the total weight and the radius of
the CPSs are kept the same or an isochoric constraint for CPSs is imposed. One can
observe that as An increases, SA peaks are generally shifted to lower frequencies to

different degrees, more significantly for higher-frequency peaks than for lower ones.
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Hence, the peaks within the frequency range of interest are getting closer and the
coupling among the corresponding locally resonant modes becomes stronger,
resulting in high SA with broader frequency band in the presence of thickness
gradient (blue and orange curves in Fig. 4). This indicates the thickness gradient
offers an extra degree of freedom for adjusting the effect of coupling among local

resonance modes in views of altering the AC.
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Fig. 4. Variations of absorption coefficients with thickness gradient of the embedded
CPSs.

3.3. Simplified 2D-axisymmetric model

Considering that 3D simulation is time-consuming, a simplified
2D-axisymmetric model of the meta-absorber is thus considered, verified and utilized
to 1) separate the effects of the 3D absorption with 2D ones for better physical
understanding, and 2) facilitate subsequent optimization of meta-absorbers. The
simplified 2D-axisymmetric model, commonly adopted to symmetric structure with
symmetric inner scatters and excitations, is schematically shown in Fig. 1(f). The
model is obtained by approximating the hexagonal cell (Fig. 1(d)) by a cylindrical one
(Fig. 1(e)), considering the symmetries of both the CPSs and the elastomer. For this

model, vanishing normal displacement is required at the outer boundary of the 2D cell

Page 11 of 26



or - =0 considering both the periodicity and the symmetry of the structure. For
conventional absorbing materials with cavities, the ACs calculated by the
2D-axisymmetric model have been shown to converge to those from the 3D
counterpart when sufficient amount of damping loss is introduced in the absorbing
matrix [38]. Validations of such a simplification for different inner structures, however,
are still lacking. Here, the 3D model is compared with the 2D-axisymmetric model in

terms of sound absorption for different shear loss factors, with results shown in Figs.

5.
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Fig. 5. Variations of absorption coefficients with shear wave loss factor #s, for all
cases 7¢=0.05. The solid and dotted curves represent the 3D and axisymmetric 2D

models, respectively.

As shown in Fig. 5(a), with a small loss factor #s= 0.05, differences in SA from
the two models are obvious. Two AC peaks A1 and A3z which appear in the 3D model
are unobservable for the 2D-axisymmetric model; while the small SA peak Ais

observed in the 3D model becomes much more pronounced for the 2D model. One
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plausible reason behind is that the vibration of the meta-absorber corresponding to Aj,
Az and A4, as calculated by the 3D model, is dominated by the corner mode (A1) and
edge mode along the vertical edge of the hexagonal cell (A3 and A14), respectively, as
shown in Fig. 3(b) and Fig. S1. These modes are typical and specific to the hexagonal
column which is absent in the axisymmetric cylindrical model. While for other peaks
except A1, Az and A4, vibration energy is concentrated on the surface, at non-vertical
edge or across the entire mode of the unit cell or body mode, which are shared by both
models. Hence, the absorption mainly differs at these three peaks. As #s gradually
increases, the SA peaks corresponding to vertical edge mode-dominated A1, A3 and
Ai4 are greatly reduced (compare Figs. 5(a) with 5(b), 5(c) and 5(d)). Thus, the SA
curves from the two models are getting closer. For #s=0.35 and higher, the differences
between the two models are nearly negligible, as shown in Figs. 5(c) and 5(d).
Therefore, the 2D-axisymmetric model is deemed representative enough of the
meta-structure, which will be used as a simplified model for AC calculation and

optimization hereafter.

3.4. Effect of the backing plate

The effect of the backing plate on SA is investigated based on the verified 2D
axisymmetric model. A relatively high shear loss factor or #s= 0.35 (with 74¢=0.2) is
assigned to guarantee the consistence between the 3D and the simplified
2D-axisymmetric models. A detailed parameter survey associated with other materials
and geometrical parameters of the meta-absorber based on the simplified 2D model
can be referred to Figure. S3 in the supplementary materials.

Figure. 6(a) shows the variation of ACs without/with a backing plate of different
thicknesses. Here an equal thickness is assigned to all CPSs for better clarification of
the effect of the backing plate itself. Results show significant effects of the backing
plate. Without the backing, the first SA peak occurs at a relatively low frequency f'=
375 Hz where the absorption is dominated by the bending of the elastomer part

without the embedded PSs with nearly clamped-clamped boundaries, as shown by the
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displacement distribution map in Fig. 6(b). Besides, the displacement maps associated
with the first three SA peaks show different vibration patterns, as shown by Figs.
6(b)-6(d). With the introduction of the backing plate, the first two SA peaks are
shifted to high frequencies and the third peak to lower frequencies so that the first
three peak frequencies become closer, resulting in high absorption across a broad
frequency band (see orange and yellow curves in Fig. 6) due to the enhanced coupling
among these resonance modes induced by the backing plate, as demonstrated by the
resembling resonance responses at these peak frequencies with the backing (Figs. 6(d),
(e) and (f)). This observation testifies the positive role that the backing plate plays in
promoting the modal coupling in the meta-absorber unit, which cannot be neglected

when designing the meta-absorber.
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Fig. 6. Absorption coefficients of the 2D meta-absorber with backing plate of different

thicknesses (a), and displacement fields at the first three SA peaks of the absorber
without ((b)-(d)) and with ((e)-(g)) the backing plate (h, = 0.5 cm), with #¢=0.2. 5=
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0.35 for all cases.

4. Design and Optimization

An optimal design of meta-absorbers is further conducted based on the verified
2D-axisymmetric model combined with Nelder-Mead algorithm to achieve the
optimal SA performance across a broad low-frequency range. Nelder—Mead algorithm
is a gradient-free algorithm often applied to nonlinear optimization problems for
which derivatives of the objective functions may not be known. The algorithm relies
on a simplex of N+1 points, with N being the number of control variables. In each
iteration, it uses reflection, expansions and contractions to improve the worst point in
the simplex.

The thickness of the elastomer and that of the backing plate are fixed at 6 cm and
1 cm, respectively. To balance the average and the worst performance across the
frequency range of interest, two quantities are considered to measure the ultimate

objectives: the average of the quadratic reflection coefficient and the quadratic

transmission  coefficient  4( )=i _ ( 2, )+ 2(, )) , and their

maxima o( , )=max(( 2( , ), 2( , )) ( 1. »)» Where =(,— /A +

1 is the total number of discrete frequencies in the concerned range and A  is the
frequency step used in the optimization. Here A equals to 100 Hzand , and ; to

200 Hz and 2000 Hz respectively; V represents the set of design variables:

= [ 2y v 0 0 ) ]a (1 1)
which are constrained by [1,58]cm, , [1,8] mm, [500, 1000] kg/
m3, , [3001000] / , , [10100] / , [0.051], [0.11] and

[—0.02,0.02] mm.
The objective function chosen for this optimization problem, combining the two

quantities defined above, writes:

(.o)=72%2, (.) (12)

where is a weighting factor. Two weighting strategies are selected. The first one is

an average weighting strategy to all concerned frequencies called strategy 1 (Str. 1)
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where 1= 5, =0.5. Since the working frequency band for applications like sonar
detection tends to be as low as a few hundred Hz where the low-frequency SA
performance is more challenging and desirable for underwater stealth purpose, the

second weighting strategy 2 (Str. 2) is proposed through increasing the weighting of

the low-frequency in the defined objective function with = O.5A—<i —1 )/ ,

1 ) . )
where == is the average of , i =1, 2 over the concerned discrete

frequency points whose total number is denoted by as mentioned before and | =

1; the physical quantity in the parenthesis represents the average of over the
concerned frequencies. The initial values of the design variables are set according to
the parametric study results presented in the supplementary materials as: =
2cm, ,=5mm, =500kg/m3 ,=300 / , ,=10 / , =07,

=0.35 and = 0 mm. The two strategies take 2 hours 53 mins and 3 hours 20
mins, respectively, to complete an exhaustive search over the concerned
multi-frequency range using the same computational facility (Workstation with
Xeon(R) 5222 CPUX2, 128 Gb memory, Winl0 64 bit). This is deemed reasonable
for the multi-frequency optimization of such a complex structure involving
fluid-structure interaction.

It is noted that the applied Nelder-Mead algorithm walks toward improving the
nonlinear objective function values by iteratively replacing the worst corner of a
simplex in the design variable space. However, the algorithm can converge
prematurely at a suboptimal solution when the simplex shape degenerates or collapses
along one direction. To avoid the solution to be trapped in a suboptimal solution, a
restart procedure is included in the algorithm via using simplex gradient to detect
stagnation and determine the orientation of the new simplexes whenever the geometry

or poisedness of the simplex vertices deteriorates [39].

Table 1. Optimized parameters of the meta-absorber

r h 0 0
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(mm) (mm) (mm) (kg/m?) (m/s) (m/s)

Str. 1 54.714. 7995  2e-5 572.27 33472 10.032 099  0.64

Str.2 5342 7999  2e-5 595.18 300.15 10.004 0.654 0.433

The optimized design variables based on the two strategies are listed in Table.1,
with corresponding ACs shown in Fig. 7. For both strategies, high SAs are obtained
around the target frequencies. For the average weighting strategy 1, high SAs (>0.8)
are observed within an ultra-broad low-frequency band from 440 to 2000 Hz.
Excellent SAs (>0.9) are observed from 500 to 2000 Hz with an average AC up to
0.952.

For weighting strategy 2, the high SA region is shifted to a lower frequency
range as imposed by the applied optimization strategy by exerting a higher weighting
to the lower frequencies. For this case, high SAs (>0.8) are noticed from 350 Hz to
1530 Hz. Notably, nearly perfect absorption (>0.97) is observed at around 415 Hz
where the meta-absorber thickness is merely 1.7% of A . Meanwhile, the SA is above

0.79 within an ultra-broad frequency range from 345 Hz until 2 kHz, with an average

AC of 0.878.
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Fig. 7. Absorption coefficients of the meta-absorber with optimized designs.

5. Experimental validation

A meta-absorber prototype was then manufactured using rubber, steel plates and
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epoxy adhesive. A cylinder container mold was first designed to facilitate the
positioning of the embedded CPSs. The sample was then formed by placing six steel
CPSs horizontally into the mold before pouring rubber materials. Epoxy adhesive was
added over the surface of the steel plates before they are placed into the mold. The
manufactured sample is 60 mm thick with a diameter of 118 mm. A steel backing
plate, 9.1 mm thick, was finally pasted on the bottom of the sample with the same
diameter.

Note that the meta-absorber prototype sample was designed according to the
optimized results. However, in the process of practical sample manufacturing, it was
difficult to find/manufacture a rubber sample with the exact parameters as the
optimized values. Thus, the material parameters of the manufactured rubber sample
were measured by a Dynamic Mechanical Analyzer to make sure the theoretical and
measured parameters are as close as practically possible. The Young’s modulus and
the loss factor of the rubber were measured by MetraviB Dynamic Mechanical
Analyzer+450. Other parameters of the sample used in the experiment are: = 5cm,
hi=3mm(G=1,2,....6), ,=7800kg/m3, E>=216(1+0.001j) GPa, and v»=0.3
for the CPSs; = 1030kg/m?, Poisson ratio = 0.495 [27, 40] for the rubber
matrix. The velocities and the loss factors associated with the dilatational and shear
waves of the rubber were obtained from the complex Young’s modulus and the
Poisson ratio [41].

To guarantee an accurate positioning of the CPSs, the manufactured sample was
scanned using a 3D CT Metrology scanner phoenix v|tome[x m. The scanned 3D
image and the side view image of the meta-absorber sample are shown in Figs. 8(c)
and 8(d), with the designed and fabricated one shown in Figs. 8(a) and 8(b).
Considering the equivalence between a large absorber sample under normal acoustic
incidence and a small sample inside an impedance tube, the AC of the sample was
then tested in a hydroacoustic impedance tube using transfer function method within a
frequency range of 500 Hz~6 kHz. The length and the inner diameter of the tube are 5
m and 120 mm, respectively. A schematic showing the hydroacoustic impedance tube,

the experimental setup and test principle is given in Fig. 8(e). The absorption
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coefficient is obtained based on transfer function method using two microphones. The
transfer function can be obtained by = ,/ 1, where 1 and , are the acoustic
pressure measured by the upper and lower hydrophones. The complex pressure

reflection coefficient is thus calculated by [42]:

+)

= (+_)_ — (13)
where =2 / is the acoustic wavenumer in water.
Therefore, the absorption coefficient can be obtained by a =1 —| |?. The

measured results are then compared with the predicted ones based on the
2D-axisymmetric model in Fig. 9, showing a general agreement and expected high
absorption (>0.82 on average) from 800 Hz to 6000 Hz. Notably, quasi-perfect
absorption is also observed from both simulation (0.976) and experiment (0.94) at
1000 Hz with an absorber thickness of A /25, confirming the subwavelength and
quasi-perfect absorption feature of the meta-absorber for low-frequency underwater
sound absorption. Observed discrepancies between the simulation and experiment can
be attributed to the differences in boundary conditions used in the simulation and
experiment (an approximately free boundary of the sample is set in the hydroacoustic
impedance tube). Nevertheless, experiment confirms the efficacy of the proposed

meta-absorber design in terms of sound absorption.
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2 3 2
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intermal steel plates
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Fig. 8. Designed (a) and manufactured (b) meta-absorber. 3D image (c¢) and side view
image (d) of the meta-absorber sample through CT scanning using Phonenix v [tome|

x m. (e) Schematic of the hydroacoustic impedance tube experimental setup and test
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Fig. 9. Comparisons of the predicted and measured absorptions.

6. Conclusions

Recent advent in acoustic metamaterials to achieve subwavelength and quasi-perfect
absorption has aroused great interest in physical and engineering communities but is
mainly limited to air-borne sound control. Since waterborne sound has much longer
wavelength, lower dissipation and closer impedance to solids, the design of
meta-structure for underwater sound absorption is a long-lasting challenge. Current
underwater sound absorbers merely work at broadband high frequencies (typically
above 2 kHz) or narrowband low frequencies (by introducing discrete narrowband
spring-mass local resonators (LRs)). Efficient absorption of broadband low-frequency
underwater sound using a deep-subwavelength structure is therefore an important yet
challenging issue. To tackle the challenge, this paper proposes the design of a novel
meta-absorber, consisting of multiple thickness-graded CPSs embedded into an
elastomer matrix layer backed by a metallic plate. CPSs act as continuous local
resonators, which, through thickness gradient and with elastomer and the backing
plate acting as agent, create rich local dynamics and enhanced coupled local responses
inside the meta-absorber unit. The former is evidenced by the creation of diverse

types of modes such as corner, edge, surface and body modes inside the
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meta-absorber unit; the latter by the enhanced coupling among closely spaced local
modes. The combined effect yields high and quasi-perfect absorption at multiple
frequencies or over a broad low-frequency range. To achieve ultimate SA
performance, an optimization design of the geometrical parameters of the CPSs and
material parameters of the elastomer matrix is conducted. Experimental results
demonstrate and confirm excellent and broadband low-frequency SA, in agreement
with numerical predictions. This research offers a novel and effective solution to
low-frequency underwater sound absorption, which may open a new avenue to
broadband low-frequency sound control based on a deep-wavelength structure.

As a final remark, one should take note that the case of CPSs with a linear
thickness variation across the absorber is considered to show the effects of the
thickness variation/gradient of the CPSs on SA properties. This simple yet
representative configuration serves the purposes of illustrating that embracing the idea
of panel thickness variation in the design offers an extra degree of freedom for
adjusting the coupling among local resonance modes so as to create a positive effect
on SA. There exist no technical obstacles to examine other types of thickness
variation (e.g. quadratic or a power law-based) under the analysis umbrella proposed
in this work, which can possibly further improve the SA upon proper optimization.
We believe the underlying physics will remain the same, and this might be

investigated as a future work.
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