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We propose a general method to realize a total scattering of an incident acoustic wave at interfaces
between different media while allowing the flow of air, fluids and/or particles. This originates from
the enlargement of the equivalent acoustic scattering cross section of an embedded object coated
with acoustic metamaterials, which causes the coated object to behave as a scatterer bigger than
its physical size. We theoretically design a model circular cylindrical object coated with such meta-
materials whose properties are determined according to two different, but identical, methods. The
desired function is confirmed for both far-field and near-field cases with full wave simulations based
on the finite element method. This work reveals a promising way to achieve noise shielding and

naval camouflage.
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1 Introduction

Since 2006 electromagnetic cloaks have received exten-
sive attention because of their potential applications [1-
10]. Based on the concept of complementary media, Ma
and his coworkers successfully proposed a novel design
which can enlarge the electromagnetic wave scattering
cross section of an object so that it looks like a scat-
terer bigger than its physical size [11-13]. Such an elec-
tromagnetic superscatterer was elaborately designed by
coating an electromagnetic metamaterial with negative
refractive index on a perfect electrical conductor cylin-
der [11, 12, 14]. Strictly following the concept of elec-
tromagnetic superscatterers, in this work we attempt to
achieve a new type of acoustic superscatterers by using
acoustic metamaterials with novel properties as to be
determined. Although it is a straightforward extension
of the similar mechanism for electromagnetic waves into
acoustic waves, it still carries merits for acoustic appli-
cations, which might be easier to implement than for the
electromagnetic wave case.

Acoustic metamaterials [15-27] have extended the
realm of elastic wave characteristics achievable by
phononic crystals and natural materials. In particular,

composites with negative dynamic mass densities [20, 21|
have demonstrated significantly subwavelength attenua-
tion of sound in the audible regime by breaking the mass
density law [15, 16]. In principle, acoustic metamateri-
als with the novel properties required for our proposed
acoustic superscatterers can be designed by using local
resonances [20, 21, 28].

In this work, we shall propose an accurate theoreti-
cal design of acoustic superscatterers in circular cylin-
drical cases, and confirm the desired function for both
far-field and near-field cases with full wave numerical
simulations based on the finite element method. Two
different theoretical methods will be adopted, and the
resulting equations derived from them agree with each
other. Such acoustic superscatterers are potentially im-
portant for noise shielding and naval camouflage.

2 Theory

2.1 Method I

Let us start by considering a two-dimensional circu-
lar cylindrical object coated with acoustic metamateri-
als. Figure 1 is the schematic demonstration. Initially,
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Fig. 1 Schematic graph showing a circular cylindrical acoustic
superscatterer by coating a shell (inner radius: Rjp; outer radius:
Ry) of acoustic metamaterials (relative mass density tensor: p; rel-
ative bulk modulus: \) to a small uniform cylinder of the radius
R1. The designed superscatterer of the physical outer radius R re-
sponds to an incident acoustic wave as if its scattering cross section
is the same as that of a virtual uniform cylinder with a physical
radius R3 (dashed circle). For the superscatterers investigated in
Figs. 2-5, the region with a radius larger than Ra can be filled with
either uniform materials (e. g., air or water) or equivalently uniform
materials (e. g., suspensions containing suspended particles with a
scattering cross section much smaller than the wavelength of an in-
cident acoustic wave), which can transmit acoustic waves (almost)
without scattering. (Throughout this work, we are not considering
the absorption of acoustic waves). And the region with a radius
smaller than R; can be filled with any materials since the acoustic
wave cannot penetrate the sound-soft boundary at Rj.

we consider a uniform cylinder with radius R3 and a
sound-soft boundary surface. Then we compress the uni-
form cylinder into a small one with radius R;, with the
sound-soft boundary condition unchanged. In order to
accomplish such a compression, a pair of complementary
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media is introduced at the annulus between R; and Rs.
The cylindrical interface between the two types of com-
plementary media is denoted by its radius Rs. The region
between R and R3 contains the same medium as that
beyond Rj3. The shell between R; and R is filled with an
acoustic metamaterial, whose properties are determined
by Egs. (5)—(8) below. The scattering ability of the de-
signed object with outer radius Ry for incident acoustic
waves can be equivalent to that of the uniform cylinder
with radius R3(> Rz), as to be displayed in Figs. 2 and 3.
For simplicity, let us consider a continuous map between
the pair of complementary media: The region between
R and Rj3 is mapped to the shell of acoustic metama-
terials, with R3 to R; and Ry to itself. The mapping
can be recorded as a coordinate transformation between
the original cylindrical mesh (r,6, z) and the new mesh
(r,0,2):

, Ry — Ry Rs — Ry

T :—Rg_R2’I‘+R3_R2R2 (1)
0 =0 (2)
2=z (3)

Apparently, the anisotropic mass density tensor and
bulk modulus in the shell can be readily obtained by the
coordinate transformation method. However, since the
basis vectors that result from a cylindrical transforma-
tion are not the usual cylindrical unit vectors, certain
components need to be renormalized by using the length
of these basis vectors. Schurig et al. [29] introduced a
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Fig. 2 Snapshot of the distribution of the pressure field induced by an incident acoustic plane wave (corresponding to
far-field cases) with unit amplitude and frequency of 2000 Hz. (a) The pressure field distribution caused by a uniform
circular cylinder of the radius Rz = 0.3m; (b) The pressure field distribution induced by the designed circular cylinder or
acoustic superscatterer of an outer radius Rz, for R1 = 0.1 m and R2 = 0.2m. The dotted circle indicates a virtual uniform
cylinder with the radius Rz = 0.3 m. It is shown that being beyond the virtual cylinder, the pressure field distribution is
(almost) identical with that in the upper panel. The unit for both the x and y axes of Figs. 2-5 is meter.
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Fig. 3 The same as Fig. 2, but for an incident cylindrical wave (corresponding to near-field cases) with unit amplitude
and frequency of 3000 Hz, the source of which is located at (-1 m, 0.3m).
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practical method to obtain the crucial Jacobian trans-
formation matrix

7! x? Ty
y Ry TRey 0
)= x r 2
(Airj) ,RQT_g —- R23;—3 0 (4)
0 0 1

According to the Eqs. (26) and (29) of Ref. [23], a
straightforward derivation gives the relative (or renor-
malized) mass density tensor p and the relative (or renor-
malized) bulk modulus A of the shell as

(R3 — Ry)?r"? cos® 0 + AZsin® ¢/

(5)

Pz’

(Rg — RQ)T/A
pm/y/ = py/m/
_ Ra(Rs — Ry)sing’ cos'[r'(Rs — Ro) — 4]
N (R3 — Ro)r' A
(6)
(R3 — Ry)?r?sin® @' + A? cos? ¢/
Py'y" = — 7 (7)
(Rg - RQ)T A
(RQ — Rl)QT/
A== 8
(Rs — Ry)A (®)
where

A= RQ(Rg — Rl) — (Rg — RQ)T/

2.2 Method II

Alternatively, there is another way to obtain the mate-
rial parameters of the shell. This method is analogous
to that for dealing with electromagnetic superscatterers
established in Ref. [11] due to the existence of mathe-
matical similarity. To proceed, let us write the acoustic
equation in the cylindrical coordinates (r, 6, z) as

9p
o or
(2 19 ﬁ) 1 19p
or rob o0z Po r 00
L
Pz 0z

+ 2 p@)=0 (10)

M)

Since the pressure field p is a constant along the z-
coordinate, we obtain the partial differential equations

for p as
10 (r dp 10 (/10p 9 B
)\(x)rar (p,« 8r)+)\(w)r2 00 (pg 89)+ () =0

Comparing it with Eq. (2) in Ref. [11], namely,
11 E. 11 1 OF,
o (roB) 110 (108 g,
(12)

e, 0r \ug Or €. 1290 (; 90
we may identify that these two equations [Egs. (11) and
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(12)] are isomorphic by making the following variable
exchanges

AMz) & l,

€z

pr < po, and  pg < Uy
Regarding the physical meaning of the parameters used
in Eq. (12), please refer to Ref. [11] for the sake of clar-
ity. Then the solution from the Mie scattering theory for
electromagnetic superscatterers [11] subjected to an in-
cident transverse-electric polarized electromagnetic field
can also be applied to the design of the cylindrical acous-
tic superscatterers. Eventually, the derivation gives ex-
actly the same expressions as Egs. (5)—(8). Nevertheless,
the first method involves much less derivations, and can
be considered as a general routine for any geometric con-
figurations.

3 Simulation results

Now we are in a position to present the simulation re-
sults of pressure field distributions calculated by the
finite element method implemented in the commercial
software COMSOL Multiphysics 3.5. In the simulations
as depicted in Figs. 2-5, perfect matched layers are used
to surround the central simulation area, which absorb
the reflected waves. In Fig. 2, to mimic a far-field case,
an acoustic plane wave is incident from left to right with
unit amplitude and frequency of 2000 Hz. Figure 2(a)
shows a uniform cylinder with the radius R3 = 0.3 m and
a sound-soft boundary surface, which is placed at the
origin. In Fig. 2(b), a small uniform cylinder of He radius
Ry = 0.1 m with a sound-soft boundary surface is placed
at the origin. And it is coated with a shell of acoustic
metamaterials, whose outer radius is Ro = 0.2m. The
material parameters, p and A, of the shell is determined
according to Egs. (5)—(8), to enable an equivalently vir-
tual cylinder with the radius R3 = 0.3m, as indicated
by the dotted circle. Figure 2 displays the pressure field
distribution induced by the incident plane wave and the
reflected wave in the presence of a real uniform cylinder
with the radius Rz (upper panel) and a designed cylin-
der with the outer radius Ry (lower panel). The function
of the cylindrical acoustic superscatterer, namely, the
designed cylinder, is well confirmed by comparing the
pressure field distribution within the region of a radius
> 0.3m in the two panels. That is, the equivalent scat-
tering cross section of the designed superscatterer with
the physical outer radius Rs is identical to that of the
uniform cylinder of the radius R3(> Rz). In other words,
our design can also enhance the acoustic wave scatter-
ing cross section of an object so that it responds as a
scatterer bigger than its physical size. Similar results ap-
pear for the case of an incident cylindrical acoustic wave,
which corresponds to a near-field case, as shown in Fig. 3.
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Fig. 4 Snapshot of the distribution of the pressure field induced
by an incident acoustic plane wave with unit amplitude and fre-
quency of 100 Hz in the presence of a line of five designed super-
scatterers. The locations of the superscatterers are purposefully
selected so that the resulting virtual uniform cylinders with the
radius R3 (as indicated by the dotted circles) are exactly tangent
to their neighbors. It is displayed that the acoustic wave is al-
most totally reflected such that the pressure field on the other
side is nearly zero (or small enough to be neglected). Parameters:
Ry =0.5m, R = 1m, and R3 = 3m.
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Fig. 5 The same as Fig. 4, but for an incident cylindrical wave
with unit amplitude and frequency of 100 Hz, whose source is lo-
cated at (Om, 10m).

4 Discussion and conclusions

Our proposed acoustic superscatterers make some appli-
cations possible, e. g., noise shielding and naval camou-
flage. A possible feature of superscatterer-based devices
is the total scattering of incident acoustic waves while
allowing the flow of air, fluids and/or particles. For in-
stance, this feature can find its usage in the design of
computers. In detail, cooling is an essential part of com-
puters since the CPUs and graphic cards consume in-
tensive power and dissipate more and more heat into
the surrounding air. Currently a typical computer has
a grid-like opening at the frontside and rearside of the
chassis to form an air-flow passage. One of the negative
effects of such a design is the leakage of noises produced
by fans. If one coats the frame of the grid-like open-
ing with a layer of acoustic metamaterials appropriately,
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to form superscatterers with equivalent scattering cross
sections closely adjacent to each other, the noise would
have no chance to escape from the chassis, while the
air flow (or cooling) remains. Figure 4 shows a model
demonstration for such a function in the presence of an
incident acoustic plane wave with unit amplitude and fre-
quency of 100 Hz. In this figure, a line of five cylindrical
acoustic superscatteres are placed to shield the acoustic
wave. The material parameters of the shells are deter-
mined according to Egs. (5)—(8). As a result, the total
reflection of the incident acoustic wave comes to appear,
thus realizing noise shielding. Similar behavior appears
for an incident cylindrical acoustic wave, as shown in
Fig. 5. Another case of noise shielding arising from such
acoustic superscatterers can be imagined for freeways,
whose underlying mechanism keeps the same as shown by
Figs. 4 and 5. The low-frequency noise produced by ve-
hicles poses great danger to the health of residents living
beside the freeways. If the lampstandards are surrounded
with such a layer of acoustic metamaterials appropri-
ately, noises would be kept inside the side of freeways.

As to naval camouflage, our proposal may be as fol-
lows, in view of the fact that both ultrasound spectro-
scopies and sonars depend on the scattering of acous-
tic waves at interfaces between different media. To con-
fuse/mislead the enemy, one might coat a buoy with spe-
cific acoustic metamaterials, so that its scattering cross
section is similar to that of a genuine submarine.

In fact, much more application examples can be pro-
posed on the same footing as mentioned above. Neverthe-
less, we have to mention that our simulations reported in
this work have been performed for one single frequency
only. To achieve real applications, further study must be
done, based on the fact that noises always contain a con-
tinuous spectrum of acoustic frequencies. On the other
hand, the extension of this work to the case of thermal
waves is also possible because of the recent achievement
of thermal cloaks designed through the coordinate trans-
formation method [30].

In summary, inspired by the pioneering work on elec-
tromagnetic superscatterers by Ma and his coworkers [11,
12, 14}, we have convincingly revealed a path to enlarge
the acoustic scattering cross section of embedded objects
coated with acoustic metamaterials, which causes the
coated object to behave as a scatterer bigger than its
physical size. A model circular cylindrical superscatterer
has been theoretically designed with accuracy. And its
enhanced scattering properties have been Proved with
full wave simulations based on the finite element method.
It has been further adopted to realize a total scattering
of acoustic waves while allowing the flow of air, fluids
and/or particles, if any. This work presents a promising
way to achieve various applications like noise shielding
and naval camouflage.
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