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Abstract: We report the realization of an ultra-broadband bending beam based on acoustic meta-
materials by the theoretical prediction and the numerical validation. The proposed structure is
composed of a series of straight tubes with spatially modulated depths. We analytically derive the
depth profile required for the generation of an ultra-broadband bending beam, and examine the
performance of the metastructure numerically. The design is then extended for the generation of a
three-dimensional bottle beam. The transverse trapping behaviours on small rigid objects by the
bottle beam are investigated based on the force potential. Our work will help the further study of
broadband acoustic meta-structures, and may also find applications in a variety of fields such as
ultrasound imaging, health monitoring and particle manipulations.
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1. Introduction

The precise manipulation of acoustic waves based on acoustic materials is critical in
the fundamental research in acoustics, and also plays a significantly important role in the
fields of medical imaging, ultrasound therapy, acoustic detection and communications.
Compared with the conventional speaker array systems possessing the bulkier array size
and complex signal processing algorithm, precise manipulations of sound fields based on
the smaller passive artificial structures have attracted enormous interests. With the extraor-
dinary features and properties, these artificial structures, called acoustic metamaterials,
Ref. [1] can be used to steer sound waves in a flexible and controllable way. Refs. [2-28]
Various novel phenomena have been achieved with the aid of acoustic metamaterials, such
as negative refraction or reflection, Refs. [29-31], acoustic one-way propagation, Ref. [32]
acoustic cloaking, Refs. [33-38], acoustic hologram, Refs. [39,40] and vortex field generation.
Ref. [41] The recent development of acoustic meta-gratings [42—48] and meta-clusters [49]
provides a novel perspective in regard of the passive control of waves based on acoustic
metamaterials. Latterly, the incorporation of the artificial intelligence techniques and ma-
chine learning methods into the inverse design of acoustic metamaterials also suggests
an innovative way for the design of relevant acoustic devices involving the field manip-
ulations. Refs. [50-57] Despite the great success achieved by the acoustic metamaterials
in the manipulations of acoustic fields, most of the previous structures suffer from the
unavoidable narrow-band problem due to the local resonance mechanism, which, in a
certain sense, limits the applications of these structures in the practical situations. Hence, it
would be highly desired to explore the acoustic metamaterials for the field manipulations
within a broad band at different frequencies.

In this paper, we propose to design a reflected acoustic metastructure to effectively
generate a bending beam within an ultra-broad frequency range. The structure is simply
composed of a series of straight tubes with different depths, and the depth is modulated
based on the spatial location of each tube. The depth profile of the structure for the bending
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beam is analytically derived, and it is proved that the depth profile does not explicitly
depend on the wavelength, suggesting the possibility to realize the bending beam in a
broad band. The performance of the designed reflective structure is examined numerically
and then extended to three-dimensional situations for the generation of a bottle beam. The
acoustic trapping behaviours on small rigid objects by the bottle beam are analyzed based
on the force potential. With the simple design and great performance, the metastructure
proposed here may find applications of acoustic devices involving the field manipulations.
Our work also suggests the particle manipulations with the aid of acoustic metamaterials.

2. Materials and Methods

We will first explain the design of the acoustic meta-structure for ultra-broadband
bending beams. The structure consists of an array of straight tubes with different spatially
modulated depths h (Figure 1). [6] Each tube of the structure has an identical width much
smaller than the working wavelength, i.e., w << A with w and A being the width of the
tubes and the working wavelength, respectively, (see Inset in Figure 1). In addition, the wall
of each tube is designed to be sufficiently thin to avoid the impedance mismatch between
the structure and the background medium (the thickness of the wall is 0.1p with p being
the period of the structure). Hence, the incident sound waves can easily enter the tubes
with little reflections on the interface. After the reflection by the bottom of each tube, the
reflected sound wave will possess a depth-dependent phase shift, i.e., ¢ = k x (2h), with
k = 27t/ A being the wavenumber. Consequently, the desired phase profile on the interface
of the structure can be achieved by carefully engineering the depth profile of the tubes,
which suggests the ability to generate a ultra-broadband bending beam desired here.
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Figure 1. Illustration of the ultra broadband structure. Black arrows: incident waves; red arrows:

|

h

reflected waves. Inset: zoom-in plot of a single tube within the structure. The depth profile of the
tubes, h, is a function of the spatial location y. p = A /8 is the period of the structure, and w = 0.8p is
the width of each tube.

In the current study, the the proposed scheme will be utilized to generate an ultra-
broadband bending beam (Figure 1). To realize an arbitrary bending trajectory y = f(x),
the phase profile can be expressed as [3]

dply) o f(x)
W = —kgsin6, = —kom @™

where f’(x) = tan6, is the slope of the trajectory with 6, being the reflected angle. For
a half circular trajectory f(x) = y/R% — (x — R)? with the center at (x,y) = (R,0), the
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desired phase profile can be obtained as ¢(y) = —ko(y —2R+/y/R), and then the depth
profile of the tube can be simply expressed as:

h(y) =C—(y/2—R\/y/R), 2)

where a positive number C is used to make sure the depth of each tube, h(y), is non-
negative. It is worth mentioning that the depth profile of the tubes in Equation (2) does not
explicitly rely on the working frequency or the wavelength, suggesting the possibility to
achieve a bending beam in a broad band of different frequencies with the same structure.

Here, the numerical simulations for bending beams were conducted in the two-
dimensional pressure acoustic module using the commercial software, COMSOL MULTI-
PHYSICS; see Figure 2 for the sketch of the numerical setup. The size of the computation
domain is 1.8 m x 1.8 m. Radiation boundaries were applied to the outer boundaries of
the computation domain to eliminate the reflection. The whole length of the structure
is 1m, and the period of the structure is p = 1.2 cm. Maximum mesh size was set to be
A/20 so as to obtain the precise and accurate sound fields. The background medium is air
with the density of 1.21 kg/m3 and the sound speed of 343 m/s. For the simulations with
the acoustic meta-structure (considered to be rigid) (Figure 2a), the background pressure
field was used as the source to generate an incident plane wave propagating along the —x
direction, and the scattered fields were examined to check the performance. However, for
the simulation with the ideal source (Figure 2b), the source is located at x = 0 to generate
the ideal bending field directly.

a) Radiation boundary (b) Radiation boundary

Radiation boundary =

Background pressure field

Rigid boudaries
AN

Asepunoq uonelpey
ideal source
Atepunoq uoneipey

Rigid boundé\fQ“‘--‘

Radiation boundary ix=0 Radiation boundary

Figure 2. Sketch of the numerical setup for the simulations with (a) the metastructure and (b) the ideal
source. Radiation boundaries (red solid lines) are applied to the outer boundaries of the computation
domain, whose size is 1.8 m x 1.8 m. (a) Boundaries of the metastructure are set to be rigid (black solid
lines). Background pressure field (gray) is used to generate an incident plane wave propagating along
—x direction. Inset: zoom-in plot in the region marked by the blue box. (b) Black solid rectangular
indicates the ideal source to generate the ideal bending field directly.

The simulations for the three-dimensional bottle beams were conducted with the same
parameters as mentioned above but in a two-dimensional symmetry model with y = 0
being the symmetrical axis. The force potential U was computed based on the simulated
pressure and velocity fields [58], i.e.,

U = (na>/3)[f1p*/ (poch) — (3/2) f2p0v*], €)

where g is the radius of the object, pg and ¢( are the mass density and the sound speed of
the background medium, and f; and f, are the monopole and dipole factors depending
on the mass density ratio and bulk modulus ratio between the object and the surrounding
medium [59,60]. Here, rigid particles with f; = 1 = f, were used in the calculation since
for most solid objects, the density and bulk modulus are much larger than the background
medium, air, so the results here are applicable to most elastic objects.
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3. Results
3.1. Bending Beams

As an example, we present the generation of a bending beam with the radius R = 0.35 m.
With the aid of the expressions of the phase ¢(y) and the depth (y) mentioned above,
the desired phase profile and corresponding depth profile for the bending beam can be
obtained, as shown in Figure 3a,b, respectively. The depth profile in Figure 3b has been
discretized based on the period p of the metastructure so that each dot in (b) shows the
depth of the corresponding tube within the structure shown in Figure 3c. The structure will
be used to generate the bending beam. We have simulated the reflected fields |p|? by the
metastructure shown in Figure 3c for different frequencies; see top panels in Figure 4. The
bending beams are successfully generated within a broadband frequency range (2 kHz to
17 kHz) by the same structure. The results are then compared with the fields generated by
an ideal source of the same size; see bottom panels. From the results, the fields generated
by the metastructure agree well with the fields generated by the ideal source, whose phase
profile is shown in Figure 3a.
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Figure 3. Desired parameters for the generation of bending beams. (a) The phase profile at the
interface of the structure for the bending beam with R = 0.35 m, and (b) the corresponding depth
profile for the bending beam (see Equation (2)). (c) The metastructure is designed based on the depth
profile in (b).

2000 Hz \{ [m] 4500 Hz \1/ [m] 17000 Hz \1/ [m]

Metastructure

Ideal source

0 04 0.8 1.2 1.6x[m] 0 0.4 0.8 1.2 1.6x[m] 0 0.4 0.8 1.2 1.6x[m]

Figure 4. Simulated bending fields. (Top panels) bending beams generated by the metastructure at
the frequencies: 2000, 4500 and 17,000 Hz; (Bottom panels) bending beams generated by an ideal
source for comparison. White arrows indicate the incident plane waves.
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3.2. Bottle Beam and Particle Manipulations

The design for the bending beams are then extended for the generation of a three-
dimensional bottle beam by rotating the metastructure in Figure 3¢ along y = 0 axis.
The simulated three-dimensional sound field for the bottle beam at 3500 Hz is shown in
Figure 5a. From the result, the sound waves propagate along a curved path, and eventually
form a focal point. There exists a local ‘empty’ bottle inside the beam, where the sound
intensity is almost zero. The sound field profile |p|? along the central z axis is shown in
Figure 5b, where the pressure remains near 0 for quite a long distance (~20A). The pressure
maximum happens at z ~ 25.5A, and the focal length, obtained by the —3 dB locations
(marked by two vertical red dashed lines), is about 3.7A.

We further examine the field distribution along the transverse direction r = /x% + 2
at z =~ 5\ (black solid line in Figure 5c¢), where the diameter of the ‘empty’ region is about
7\ (see inset for the two-dimensional field at x — y cross section). The corresponding
force potential (Equation (3)) for small rigid particles is computed based on the simulated
field, and the particles will be trapped to the potential minimum [red dots in Figure 5c].
From the results, the location to trap the particles is near the first peak of the pressure
maximum. The field distribution and force profile near the focal point (z ~ 25.51) are
also examined (Figure 5d). In this case, the particles cannot be trapped to the focal point
(pressure maximum) at the center but at a location near the center where r ~ 0.4A.

1

log|p|?

0 M6 8 10

Figure 5. Particle manipulation based on the bottle sound beam. (a) Simulated three-dimensional
bottle sound beam. (b) Normalized sound field |p|? profile along the central beam axis. Normalized
sound fields \p|2 and the force potential U in the transverse direction at (¢) z ~ 5A and (d) z ~ 25.5A.
Insets: corresponding two-dimensional sound fields of x — y cross section.

4. Discussion

In summary, we have designed a reflected metastructure, simply composed of an array
of straight tubes with different spatially modulated depths, to generate a bending beam
for sound within an ultra-broad band. The simulated fields via the acoustic metastructure
agree well with the theoretical predictions as well as the fields generated by the ideal
source. The design has also been extended for the generation of a three-dimensional bottle
beam. The transverse trapping behaviours on small rigid objects by the bottle beam have
been analyzed with the aid of the force potential. Our work will help the design and the
development of broadband acoustic devices involving sound field manipulations, and also
suggest the possibility to realize the precise particle manipulations along a curved trajectory.

The metastructure proposed here has exhibited the performance of the generation of
bending beams with the broadband feature in the audible frequency range. It is worth
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noting that the upper frequency limit could still be extended by reducing the width of each
straight tube w so as to increase the cut-off frequency fy = ¢o/(2w) with w and ¢y being
the tube width and the background sound speed, respectively. The computation cost will
increase for higher frequencies due to the smaller wavelengths and the smaller mesh size
required for the simulations based on the finite element methods. When the frequency is
too high, for example in the ultrasound frequency range, the thermoviscous effect caused
by the structure needs to be considered by including the acoustic boundary layers during
the calculation using the thermoviscous acoustic module. However, it might be difficult for
the fabrication of the structure since the width of each individual tube is much smaller than
the wavelength, and the wavelength is on the scale of millimeters. On the other hand, the
applications on low frequencies would be easier because the lower frequency limit could
be simply extended by increasing the whole length of the structure along the interface
direction (y direction) so as to make sure the whole size of the metastructure is comparable
to the working wavelength.
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