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Sound-transparent anisotropic media for
backscattering-immune wave manipulation
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The scattering behavior of an anisotropic acoustic medium is analyzed to reveal the possibility of routing acoustic sig-
nals through the anisotropic layers with no backscattering loss. The sound-transparent effect of such a medium is achieved
by independently modulating the anisotropic effective acoustic parameters in a specific order, and is experimentally ob-
served in a bending waveguide by arranging the subwavelength structures in the bending part according to transformation
acoustics. With the properly designed filling structures, the original distorted acoustic field in the bending waveguide is
restored as if the wave travels along a straight path. The transmitted acoustic signal is maintained nearly the same as the in-
cident modulated Gaussian pulse. The proposed schemes and the supporting results could be instructive for further acoustic
manipulations such as wave steering, cloaking and beam splitting.

Keywords: sound-transparent anisotropic media, acoustic bending waveguide, transformation acoustics

PACS: 43.20.—f, 43.20.+g, 43.35.+d

1. Introduction

Acoustic metamaterials are usually periodically arranged

subwavelength structures''~'!! with acoustic properties that

do not exist in nature, such as negative bulk modulus!?121

13-181 A metamaterial with

19-22]

and anisotropic mass density.|
anisotropic mass density is often named a metafluid!
and implemented by periodically arranging subwavelength
anisotropic structures in the matrix medium. Due to
their possible applications in acoustic invisibility,?! wave-

g,[23:24] [25] metafluids have at-

guidin and beam-splitting,
tracted increasing attention. Acoustic invisibility, the tech-
nique to prevent incident waves from being affected by scat-
tering objects, is one of the most discussed topics in this field.

n!26-281 is the most popular method

Coordinate transformatio
to design such an invisibility cloak. Nevertheless, the re-
quired extreme material parameters are usually difficult to im-
plement in broadband. Acoustic invisibility in free space is
often limited to a narrow bandwidth or only effective along a
specific direction, especially for large targets. On the other
hand, important experimental demonstrations of invisibility
cloaks have already been given for cloaking under different
circumstances!>>! such as ground cloaks, often composed
of metafluids with anisotropic mass density.[!7-1%!

Other manners of wave manipulation, e.g., wave-guiding
and beam-steering, can be achieved similarly with coordinate
transformation and metafluids. Previously, acoustic signals
were usually transmitted with a straight waveguide in many
applications, otherwise the wave would be reflected with a dis-

torted wavefront due to diffraction or scattering. To guide an

fCorresponding author. E-mail: kan@njust.edu.cn
© 2022 Chinese Physical Society and IOP Publishing Ltd
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acoustic signal along a non-straight path!*®! with low loss, one
feasible manner is to construct a line defect in a phononic crys-
tal. However, the waveguide mode corresponds to the defect
modes of the phononic crystal, indicating the operating band-
width is limited. A numerical demonstration of a metamate-
rial waveguide composed of alternating layered structures!3’!
was reported using a negative-index medium, but this is dif-
ficult to implement for broadband operation in practice. The
metafluid-based waveguide?¥ allowing for broadband opera-
tion is based on a radically different framework. The theoret-
ical underpinning is applicable to other metafluid applications
such as beam-shifting or beam-steering devices. [>]

As acoustic metafluids show potential significance in var-
ious wave manipulation approaches, the impedance modulat-
ing method of such an anisotropic medium is worthy of fur-
ther study. Because the velocity distribution plays a more
important role in wave manipulation,*>38] reduced parame-
ters by scaling the desired values are often used to simplify
the implementation, which has proven successful in many ex-

[3132] and sometimes is even valid at quite

perimental results
high frequency ranges where the medium dispersion is al-
ready obvious,*®! but generally, the impedance mismatch in-
evitably affects the desired wave manipulation effect due to
impedance mismatch.3*! In this case, the introduced subwave-
length structures scatter the sound waves while leading the
wave along a specific path. Sound-transparent anisotropic

structure 38!

was proposed to deal with this problem, but to
date, the experimental implementation of such an artificial ma-
terial with exactly the required acoustic parameters in a broad

operating bandwidth still remains a challenge.
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In this paper, we analyze the scattering behavior of
such anisotropic materials, and experimentally demonstrate
the acoustic wave routing in 9 kHz-11 kHz through the
anisotropic layers with negligible backscattering loss. The ef-
fective mass density and bulk modulus of the acoustic sub-
wavelength anisotropic structures are independently modu-
lated by tuning the unit configurations in proper order. The
effective parameter range of the structures is broadened, so
that the acoustic impedance of the anisotropic structure can
be matched to the background medium to create an abnormal
anisotropic sound-transparent effect. The anisotropic sound-
transparent medium is implemented by properly arranging
the subwavelength structures, and the sound-transparent effect
is numerically and experimentally demonstrated in a bend-
ing waveguide, where the incident Gaussian pulse is allowed
to transmit with its envelope and the wavefront nearly un-
changed.

2. Scattering behavior analysis

For realizing the desired wave manipulation, the struc-
tures are usually designed with the technique of coordinate
transformation and effective medium theory (EMT). As shown
in Fig. 1(a), a cylinder composed of the metafluid is radiated
by a plane acoustic wave with wavelength equal to the cylinder
radius. If the actual parameters of the manufactured material
strictly comply with the design requirements, acoustic waves
could enter such an anisotropic medium with no reflection. It
is assumed that the anisotropic medium is well coupled to the
background and the anisotropy of its mass density is 2; then,
according to transformation acoustics, the bulk modulus and
the anisotropic mass density should be kK = ky, px = 1.4pg, and
Py = 0.7pg, to ensure the wave is not reflected at the interface.
The numerical simulations in Fig. 1 are performed by illumi-
nating this anisotropic object with an incident acoustic plane
wave from different directions, and the scattering pattern in the
far-field is obtained using the exterior field calculation. The re-
sults (blue line) shown in Fig. 1(b) reveal that the backscatter-
ing is nearly eliminated for the ideal medium with impedance
matched to the background. This means the wave enters the
medium with no scattering, but when it goes out from the
anisotropic medium, strong forward scattering is observed due
to phase mismatch between the sound fields inside and outside
the metafluid. The corresponding results for other incident
directions are calculated and shown in Figs. 1(c)-1(f), from
which the same conclusion can be drawn. The backscatter-
ing (blue line) along the opposite direction of wave incidence
is hardly observed for all the cases, indicating the unexpected
feature of the metafluid that the impedance of the anisotropic

medium has nothing to do with the direction. When the pa-

rameters are scaled by a factor of 2, the backscattering, al-
though not strong, can be obviously observed (green lines),
which means an extra scattered wave caused by impedance
mismatch is added to the strong forward-scattered wave due
to phase mismatch. There are two ways to deal with this for-
ward scattering: guide the wave along a bent path without any
scattering, i.e., by decreasing the beam width to a dimension
much smaller than the metafluid, or transmit the signal in a
waveguide, to avoid the phase mismatch at the interfaces of

the metafluid and background when the wave exits.
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Fig. 1. Scattered wave field for incident angles of 90° (a), 45° (c), and 0° (e);
and the far-field scattering pattern for incident angles of 90° (b), 45° (d), and
0° (f). The incident direction is indicated with arrows.

3. Sound-transparent anisotropic structures

In order to demonstrate this effect, the following study
is carried out in a waveguide. By proper design, an ideal
bent waveguide made of sound-transparent anisotropic struc-
tures could guide incident sound waves through it without any
scattering or reflection, and keep the wavefront unchanged as
shown in Fig. 2. The acoustic field is calculated by solv-
ing a general partial differential equation with the density
anisotropy taken into account. A 10 kHz plane wave is radi-
ated at the leftmost end of the waveguide. The bent part is as-
sumed to be symmetric and each half is composed of five seg-
ments with different bending angles. The bending angles can
be arbitrary values only if the metafluid filled in the waveguide
is properly designed according to the corresponding geometry
configurations. When the waveguide is only filled with air, due
to the scattering effect at the bent part, the sound wave will be
reflected and the wavefront will be distorted.

To eliminate the reflection and restore the plane wave
field, the required effective parameter distribution is derived
using coordinate transformation.!?>?71 Suppose there is a
straight waveguide as the mimicked target, with a 10 kHz
plane wave traveling through, generating the desired plane
wave field p; (r). However, in the real bent waveguide in
the laboratory, the metafluid is required to manipulate the

field into the mimicked one. Taking the second segment,
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for example, with a new coordinate ' = gu; + qaup, due
to the invariant feature of the Hamiltonian under coordinate
transformation, 8! the desired sound field and wave equations
in the bent waveguide can be mathematically rewritten. By
properly choosing the new coordinates according to the geo-
metric relations, the mathematical form of the two different
acoustic systems can be the same, and the field in the virtual
straight waveguide p; (r) can be mimicked by the metafluid
in the bent waveguide. Then, by implementing the coordi-
nate transformation ' — r, the required parameters in the bent
waveguide under Cartesian coordinates are

o O 'm0y —uun po/ |1 X
= _ o/ |11 X uz
—wuy Q5 upui 0 ’
K= 0102k0/|u1 X uz], (1

where py and kj are the mass density and bulk modulus of
the air, which are assumed to be 1.29 kg/rn3 and 0.15 MPa,
respectively. Q1 and Q; are the metric factors defined as
0; = (dx/dq;) + (dy/dq;). In this case, the two different
systems will appear the same under detection. According to
the geometric relationship between p; (r) and p; (r), the vec-
tors corresponding to the new coordinates are u; = cos ()i +
sin(a) j, up = j, where o is the bending angle.

The parameter distribution for other segments can be sim-
ilarly obtained as described above. The acoustic field obtained
by numerical calculation is given in Fig. 2, indicating that
plane waves can pass through the bent waveguide without re-
flection, and the wavefront remains unchanged parallel to the
y-axis. It can also be observed that in this special medium, the
direction of the wave vector and the phase velocity, given by
the pressure gradient, is the same as the group velocity direc-
tion in the background medium. [27] and can be written as col,
while the group velocity in the metafluid is co (i 4 tan () j).

Fig. 2. Pressure field for the 10 kHz acoustic plane wave traveling through
the desired low-reflection bent waveguide and the illustration of coordinate
transformation.

In order to implement the required effective parameters,

the mass density tensor is diagonalized by rotating the lo-

(24311 and the configurations of such subwave-

39]

cal x—y axis,
length anisotropic structures can be decided with EMT.!
The anisotropic unit as shown in Fig. 3(a) can be regarded
as a rigid plate inserted in air at each lattice point. The size

of the thin plate is /; X I, x h. Considering the requirements
of EMT, the cell size is chosen as L = 5 mm, which is small
enough compared with the wavelength. Since there is no spa-
tial compression here, the required bulk modulus is the same
as that of air. In order to keep the modulus unchanged, the
volume occupied by the thin plate should be compensated;>*]
otherwise, the plates should be far thinner than L. Thus the
thicknesses of all the plates are chosen to be 0.2 mm. It is pre-
viously indicated that the degree of density anisotropy px/py
depends on the geometric anisotropy of the plate /; /I, while
the absolute value of the density tensor can be adjusted by
changing the temperature.!*°! By studying the characteristics
of such unit cells with EMT in the long wavelength limit, 33!
it is verified that in this case, p,/py increases monotonically
as 1 increases, while the bulk modulus remains unchanged
(see Fig. 3); the absolute mass density in both directions can
be modulated by changing the temperature with the density
anisotropy px/py and bulk modulus unaffected. Therefore, the
effective mass density and bulk modulus can be independently
modulated, broadening the implementable range of these pa-
rameters in practice. As a result, the acoustic impedance
of the anisotropic structure, which has no correspondence in
conventional isotropic acoustics, can be matched to the back-
ground medium if \/W here is equal to the impedance
of air. This can be regarded as an extension of transforma-
tion acoustics.!** As the bending angles of the five segments
are 9.5°, 10.5°, 11.7°, 12.8°, and 13.5°, all the required den-
sity anisotropies of the structures for different segments are
calculated through coordinate transformation and marked by
red dots in Fig. 3(b). The corresponding /; should then be
2.88 mm, 3 mm, 3.15 mm, 3.28 mm, and 3.35 mm. After /; is
decided, the only task that remains is to decide the temperature
for each segment according to the required mass density val-
ues. For example, the effective parameters for the second seg-
ment with 10.5° bending angle are plotted in Fig. 3(c). Itis ob-
served that the effective mass density in both directions slowly
decreases by increasing the temperature, and this change is
not too sensitive but smooth. The corresponding frequency-
dependent effective parameters are also calculated and shown
in Fig. 3(d). The validity of the effective medium approxima-
tion should be guaranteed around 10 kHz as the size of the unit
is much smaller than the wavelength at this frequency and no
resonant unit is utilized to generate the required parameters.
It can be seen that all the effective parameters remain nearly
constant in the low-frequency region up to about 8 kHz, which
implies the resulting device is able to remain effective in this
frequency region. A dispersion effect gradually becomes ob-
vious as the frequency increases to above 10 kHz, where the

performance of the medium could be affected.
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Fig. 3. (a) Unit with the rotated local axis; effective acoustic parameters
of the anisotropic units when changing (b) /1, (c) temperature, and (d) fre-
quency.

In order to generate the temperature distribution in the
waveguide as shown in Fig. 4(a), there are two possible
methods. 3349 One is to use thin tungsten wire to form a
sound-transparent mesh to increase the temperature in a spe-
cific area, but it is difficult to form a stable temperature distri-
bution. Here we adopt the water bath method. The central seg-
ments of the quasi-two-dimensional bent waveguide (the third
dimension is much smaller than the wavelength) is immersed
in hot water in a rectangular container, as shown in Fig. 4(b).

315

(a)
X 310
¢ 305
=]
=300
-
2 295
g 290
H
285
0
(c)
(d)

The required temperature (blue line) does not change smoothly
at the interface of different segments, which is difficult to
achieve in practice. However, fortunately, the acoustic param-
eters of the medium are not very sensitive to the temperature
within a certain range, so the desired piecewise temperature
distribution can be approximated with a gradually varied tem-
perature distribution, as shown in Fig. 4(a). The numerical
simulation is performed by radiating the 10 kHz plane wave
from one end of the waveguide, and the results are given re-
spectively in Figs. 4(c) and 4(d). The pressure field is demon-
strated when the 10 kHz plane wave passes through the de-
signed system and an air-filled bent waveguide. In the absence
of the sound-transparent medium, the wave field near the bent
part is distorted and reflected as expected. After the designed
structure is arranged in the bent part of the waveguide and im-
mersed in hot water, the desired plane wave field is restored,
and the undisturbed wavefront in Fig. 4(c) demonstrates that
the impedance of the designed structure is well matched to air.
The results are in good agreement with Fig. 2. The wavefront
guided by the designed structure is still parallel to the y-axis.
The wave vector and phase velocity are in the same direction
as in the background medium, while the group velocity and
the direction of the acoustic energy flow are parallel to the
rigid wall of the waveguide.

“mﬂ;@!%
N
- 0

Fig. 4. (a) Desired temperature distribution (blue) and simulated temperature distribution (red) in the waveguide with the water bath. (b) Schematic of the
waveguide with the hot water container. Pressure field in the bent waveguide filled with metafluid (c) and air (d).

In addition, the time-domain simulation results in Fig. 5
also demonstrate the sound-transparent feature of the designed
metafluid and the abnormal transmission effect. The inci-
dent acoustic signal is assumed to be a 0.8 ms Gaussian pulse

modulated by a 10 kHz sinusoidal signal. The transmitted

signals of the bent waveguide filled with sound-transparent
medium and filled with air are recorded at the four positions
a—d marked in Fig. 4(c). As shown in Fig. 5, with the de-
signed sound-transparent media (red), the scattered signal is

suppressed, and the transmitted signal is maintained similar
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to the incident signal. As the detection position changes, the
transmitted signal may be different, e.g., the scattered signal
(blue) at point ¢ is comparatively small due to the small am-
plitude of the scattering mode at this point. However, for all
the cases, the delayed scattered signal always remains signif-
icantly smaller (red) than the results for the bent waveguide
without the metafluid (blue) at the same location, indicating
that the metafluid can lead the sound wave through the bent
waveguide without obvious wave scattering or distortion. The
averaged transmission spectrum calculated from the time do-
main results by Fourier transform is shown in Fig. 5(b). Sev-
eral minima of transmission (blue) can be observed at fre-
quencies around 9 kHz and 11 kHz when no structures are
filled in the waveguide, while the fluctuation of transmission is
much smaller after the designed structures are arranged there
(red). The valley in the transmission at around 9 kHz sug-
gests that the acoustic wave in this frequency is reflected by the
bending waveguide. This reflection is avoided after arranging
the metafluid in the waveguide, suggesting the medium works
well in the corresponding frequency range.

The performance of the structures described above is
also experimentally verified. The anisotropic structures, the
waveguide, and the water container are fabricated with 3D
printing as shown in Fig. 6. The photo in Fig. 6(b) is taken
from one side of the waveguide to show the inside anisotropic
structures. The signals are measured at the same positions
as described above in Fig. 4. The 1/8 inch microphone is
mounted in 3D printed shells fabricated with different mount-
ing holes and filled with sound-absorbing foam. Changing
the measuring position is done by changing different mount-
ing shells. Still two cases are considered: the bent waveguide
filled with air, and filled with the designed metafluid as shown
in Figs. 6(b)-6(c). Water at 318 K is pumped from the thermo-
stat water bath to form water circulation through the container

(a) ‘ r . — W/ metafluid
| W /o metafluid

—

| |
= O R~ O
{
1
{
5
<
a

Amplitude (arb. units)
| |
— O R = O
| {
§
S

Time (1073 s)

around the waveguide, so the water filled in the rectangular
container surrounding the central part of the waveguide is ex-
pected to generate the desired temperature distribution in the
waveguide. After the temperature in the waveguide becomes
steady, the sinusoidal modulated 0.8 ms Gaussian pulse with
10 kHz central frequency is excited with an aluminum ribbon
tweeter speaker at one end of the waveguide. The transmit-
ted signal is received by the inserted microphone. the sig-
nals are then preamplified and recorded by the digital oscil-
loscope. A scheme and photo of the experimental setup are
given in Figs. 6(a)-6(c), and the measured signals are shown
in Fig. 6(d).

From the results shown in Fig. 6(d), it can be seen that the
waveguide filled with the designed metafluid (red) has a signif-
icantly reduced scattering signal compared with the waveguide
without any structure inserted (blue), proving that the struc-
ture can guide the acoustic wave as expected, along the bent
waveguide without distorting the signals. With the designed
metafluid, the transmitted signals remain almost the same as
the incident Gaussian pulse, while the signal pulse is obvi-
ously distorted and broadened by the bent part of the waveg-
uide without metafluid. As shown in Fig. 6(¢e), the averaged
spectral response is calculated from the measured signals in
Fig. 6(d). Through spectrum analysis, it is also verified that the
sound energy at around 9 kHz is blocked by the bent waveg-
uide with only air (blue) while the fluctuation of transmission
becomes smaller after the designed metafluid is arranged (red).
The difference between experiment and simulation is caused
by some practical facts; e.g., the speaker is not an ideal line
source, which is easy to implement in simulation but difficult
to generate in practice. For all the cases, the eliminated scat-
tering and the abnormal transmission effect demonstrate the
good performance of the designed anisotropic structure in the

bent waveguide.

(b)
0
~ =1}
M
-1
g
2 -3
2
£ —4}
%)
=]
&
—6! W/ metafluid i
W /o metafluid |
_7l . . . . .
8.5 9.5 10.5 11.5

Frequency (kHz)

Fig. 5. (a) Time domain simulation results: the transmitted signals at different positions of the bent waveguide filled with air (blue), and filled with

the sound transparent metafluid (red). (b) Averaged transmission spectrum.
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Fig. 6. (a) Scheme of the experimental setup; (b) photo of the anisotropic structures and (c) setup; (d) measured signals at different positions of the bent
waveguide filled with air (blue), and filled with the metafluid (red); (e) averaged spectral response calculated from the measured time-domain signals.

4. Conclusion and perspectives

In conclusion, we analyzed the scattering behavior of
anisotropic subwavelength structures, and designed and exper-
imentally implemented a sound-transparent metafluid by ar-
ranging the highly anisotropic structures in a bent waveguide.
All the effective acoustic parameters of the medium were inde-
pendently modulated by tuning the geometry of the anisotropic
unit and the temperature distribution. Abnormal transmission
of sound pulses in this sound-transparent metafluid was ob-
served, showing that a 9 kHz-11 kHz wave can be guided
along a bent path nearly uninfluenced with negligible scatter-
ing compared with the bent waveguide only filled with air. The
ability to guide sound waves along a given path makes this
design of practical value in applications such as sound wave

steering and invisibility.
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