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Metasurfaces open up unprecedented potential for wave engineering using
subwavelength sheets. However, a severe limitation of current acoustic
metasurfaces is their poor reconfigurability to achieve distinct functions

on demand. Here a programmable acoustic metasurface that contains an
array of tunable subwavelength unit cells to break the limitation and realize
versatile two-dimensional wave manipulation functions is reported. Each unit
cell of the metasurface is composed of a straight channel and five shunted
Helmholtz resonators, whose effective mass can be tuned by a robust fluidic
system. The phase and amplitude of acoustic waves transmitting through
each unit cell can be modulated dynamically and continuously. Based on such
mechanism, the metasurface is able to achieve versatile wave manipulation
functions, by engineering the phase and amplitude of transmission waves

in the subwavelength scale. Through acoustic field scanning experiments,
multiple wave manipulation functions, including steering acoustic waves,
engineering acoustic beams, and switching on/off acoustic energy flow

by using one design of metasurface are visually demonstrated. This work
extends the metasurface research and holds great potential for a wide range
of applications including acoustic imaging, communication, levitation, and

metasurfaces. When incoming acoustic
waves fully interact with subwavelength
unit cells, the phase and amplitude of
reflected/transmitted waves will be modu-
lated. Conventionally, most passive meta-
surfaces are designed of unit cells with
fixed geometries, such as the space-coiling
structures'®2% and Helmholtz resona-
tors.2122 Although they hold great poten-
tials for acoustic wave manipulation, their
acoustic responses cannot be tuned due
to fixed geometries and their practical
impacts are highly limited. Therefore, a
programmable acoustic metasurface is
desired, because its acoustic response can
be modulated on demand to realize versa-
tile functions.

Programmable metasurfaces have been
proposed for manipulating electromag-
netic and elastic waves.[2>2%1 However, the
successful demonstration in acoustics has
been scarce. To date, the most program-

tweezers.

1. Introduction

Metasurfaces, as a two-dimensional (2D) equivalent of bulk
metamaterials, have attracted numerous research efforts in
recent years due to their powerful ability to control classical
waves such as electromagnetic, acoustic, and elastic waves. In
acoustics, metasurfaces offer a new paradigm for manipulating
wave propagation,'™ engineering acoustic wavefront,’>1¥
and realizing various interesting functions including acoustic
cloaking,""=131 " holographic rendering,'*"*l and acoustic
communication.'®1”] These functions are enabled by the
fundamental subwavelength building blocks (unit cells) of
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mable acoustic metasurfaces still rely on

actively controlled transducer arrays, which

work in a similar way as the complex and
expensive active phased arrays.?’?8] Acoustic metasurfaces
purely based on passive materials/structures that are reconfigur-
able will avoid system complexity and offer low-cost solutions for
practical applications. Recently, reconfigurable structures such
as origami-inspired metamaterials?! and elastomeric helices®%
have been demonstrated for manipulating acoustic waves. Reso-
nant structures including Helmholtz resonators®!l and nano-
electromechanical metamaterialsi3? have also been proposed to
control acoustic and elastic waves. Given those reconfigurable
structures are able to switch on/off acoustic energy flow, they
still have limitations in continuously modulating the phase of
acoustic waves and freely engineering the acoustic wavefront.
Therefore, structure-based passive metasurfaces that can realize
programmable modulation of both the acoustic phase and ampli-
tude are advantageous for a wide range of applications, such as
acoustic imaging, communication, levitation, and tweezers.

This study presents passive acoustic metasurfaces that are
robustly programmable for realizing versatile wave manipula-
tion functions, including steering acoustic waves, engineering
acoustic beams, and switching on/off acoustic energy flow.
The metasurface is composed of an array of tunable subwave-
length unit cells. Each of them contains a straight channel and
five shunted Helmholtz resonators, whose cavity sizes/effec-
tive mass can be tuned using a fluidic system. Moreover, the
phase and amplitude of acoustic waves transmitting through
each unit cell can be modulated dynamically and continuously.
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Based on such mechanism, the metasurface can achieve ver-
satile 2D wave manipulation functions by engineering the
transmission phase and amplitude in the subwavelength scale.
We experimentally demonstrate that a metasurface can be pro-
grammed to realize multiple functions in a 2D waveguide,
including steering acoustic waves, generating focused and
tweezer-like acoustic beams, as well as guiding acoustic energy
along a parabolic trajectory. In addition, we demonstrate that
the metasurface can serve as a robust switch, whose ability
goes beyond wavefront manipulation, for controlling acoustic
energy flow and yielding high energy contrast in opposite
directions.

2. Results

2.1. Mechanisms of the Programmable Acoustic Metasurface

Figure 1a shows a schematic diagram of the designed metasur-
face, which is composed of an array of tunable subwavelength
unit cells. In this design, each unit cell can dynamically and
continuously modulate the phase and amplitude of transmis-
sion acoustic waves at the subwavelength scale. Therefore, by
properly engineering the acoustic modulation introduced by
each subwavelength unit cell, the metasurface is able to control
its acoustic response for realizing versatile 2D wave manipula-
tion functions.

As shown in Figure 1b, a tunable unit cell is composed of a
straight channel and five shunted Helmholtz resonators, which
are loaded with fluid to modulate the cavity sizes (or effective
mass) and acoustic responses. The dimensions of unit cells are
h=21mm, hy=1mm, h; =2.5 mm, h, =7 mm, w; = 6.2 mm,
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w, = 1.5 mm, and w; = 1.8 mm, as illustrated in Figure 1b. The
width of each unit cell is 27.8 mm, which is approximately a
quarter wavelength (28.6 mm) at the frequency of interest
(3.0 kHz) to provide enough spatial resolution. The cavity
size (or height h;) of a resonator can be easily controlled by
changing the fluid volume using a robust fluidic system. Since
the acoustic impedance of water is much higher than that of
air, it is used for this study. Figure 1c plots simulation results
revealing the phase and amplitude of acoustic waves transmit-
ting through a unit cell with respect to the cavity height h,.
On the one hand, when the cavity height increases from 0 to
14 mm, a full 27 span of phase change can be achieved at an
operational frequency of 3.0 kHz. Meanwhile, the transmis-
sion amplitude is generally above 80%, ensuring high energy
throughput. On the other hand, when the cavity height is above
18 mm, the transmission amplitude is nearly zero, which offers
the potential to block acoustic waves using a metasurface.
Based on these features, the proposed metasurface, which is
composed of an array of tunable subwavelength unit cells, will
be able to modulate its acoustic response at the subwavelength
scale for realizing versatile wave manipulation functions,
simply by changing the cavity sizes of shunted Helmholtz reso-
nators (Figure 1d).

A single unit cell is first fabricated and experimentally tested
to characterize its acoustic response during real-time modu-
lation. The cavity sizes of shunted Helmholtz resonators are
controlled by a pumping system with a flow rate of 0.5 mL s7%.
A loudspeaker sends Gaussian pulses to the unit cell and the
transmitted acoustic waves are acquired by a microphone
during the continuous changing of the pumping volume. The
acquired acoustic signals in Figure 2a show the time of flight is
gradually increasing with the increase of the volume pumped
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Figure 1. Mechanisms of programmable acoustic metasurfaces and characteristics of a tunable subwavelength unit cell. a) A schematic representation
of the metasurface for manipulating acoustic waves. b) A schematic representation of a tunable subwavelength unit cell, which is composed of a
straight channel and five shunted Helmholtz resonators. The cavity sizes are controlled by pumping fluid into/out of the unit cell. ¢) Numerical
characterization of a unit cell. By changing the cavity height h;, the acoustic phase can be tuned in the full range of [-7, ] while maintaining
high transmission amplitude. When the cavity height is over 18 mm, the transmission coefficient drops to zero. d) Procedures of modulating the
metasurface to realize versatile functions.
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Figure 2. Real-time modulation of a tunable unit cell. a) Evolution of acquired signals of transmitted waves with respect to the pumping volume.

b) Amplitude and c) phase of transmitted waves with respect to the pumping volume. The pumping flow rate is 0.5 mLs™".

out of the unit cell, which confirms the capability of the tunable
unit cell for modulating acoustic waves continuously and
dynamically. For further characterization, Fourier transform is
applied on the acquired signals to extract the amplitude and
phase of transmitted waves. In Figure 2b, the discrepancies
between amplitude relations obtained from the experiment and
the numerical simulation could be attributed to experimental
uncertainties, fabrication tolerance, and the thermoviscous
effectt®¥ that is not considered in the simulation. Figure 2c
shows a complete 27 phase modulation is achieved by gradually
pumping 12 mL water out of the cavities in 24 s. In addition,
the experimental phases agree well with predictions obtained
from numerical simulations. The characterization results reveal
that the developed fluid-actuated tunable unit cell can realize
arbitrary phase modulation in a dynamic and continuous
manner.

The developed tunable subwavelength unit cell has the merit
of continuously modulating transmission phase from —7m to
m as well as tuning the transmission coefficient from 0 to 1,
by gradually changing the cavity sizes of Helmholtz resona-
tors using a fluidic system. This merit lays the foundation
for dynamically manipulating acoustic waves using our meta-
surface. Multiple functions can be easily realized through the
reconfiguration of only one metasurface, whereas the tradi-
tional metasurfaces with fixed configurations require costly and
time/labor-consuming redesigning and fabrication. In the fol-
lowings, we demonstrate three useful dynamic functions using
a fabricated metasurface, including on-demand wave steering,
acoustic beam engineering, and on/off switching of acoustic
energy flow.

2.2. Acoustic Wave Steering

Real-time steering of acoustic waves is one of the key functions
required for acoustic imaging in medical diagnostics®**! as
well as quantitative damage inspection in nondestructive evalu-
ation.?3% By gradually steering acoustic waves to different
directions like a radar, a scanning image can be generated for
diagnosis. Previously, such steering function is mainly real-
ized by complex phased array systems that require high-end
and expensive equipment to independently control the firing
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time/phase delay of each transducer in the phased array.
Although metasurfaces have been demonstrated for changing
the acoustic wave direction, they still have limitations in
dynamic control of the wave direction, which is a crucial func-
tion required for real-world applications.

Here, we demonstrate on-demand acoustic wave steering
using the designed metasurface placed in a 2D waveguide.
When all the unit cells are set to the same phase shift of =,
there is no steering effect and the transmission waves still
propagate in the same direction as the incident waves, as
shown by the measured pressure field (Figure 3c). The experi-
mental pressure field is normalized to the pressure measured
in an empty 2D waveguide without the metasurface. The
overall transmission of the assembled metasurface is around
85%, which shows high transmission efficiency of the pro-
posed metasurface. Based on the generalized Snell's law,*"!
waves can be refracted by introducing a linear phase gradient
to the metasurface. As shown in Figure 3d, the direction of
transmission waves is steered to 70°, by changing the phase
shifts to gradient values in Figure 3f within 24 s through
the pumping system. The wave patterns in the experimental
wavefield (Figure 3d) agrees well with those in the analytical
prediction (Figure 3b), which means the steering angle can
be precisely controlled. Our study proves the novel capability
for on-demand acoustic wave steering in 2D space using the
designed metasurface. Such capability will be very helpful for
developing metasurface based acoustic imaging and damage
inspection methods.

2.3. Acoustic Beam Engineering

Acoustic beams, such as focused, tweezer-like, and nonparaxial
beams, are of interest for a wide range of applications including
medical acoustic imaging,***! nondestructive evaluation,3¢-
acoustic tweezers,*1™8 energy harvesting,* and wireless
energy transfer.”>*!l Although acoustic beams can be gener-
ated using conventional passive metasurfaces, those metasur-
faces with fixed configurations lack maneuverability in tuning
and reshaping the acoustic beams, once they are designed and
fabricated. Metasurfaces that can be reconfigured to generate
various types of acoustic beams are highly advantageous, and
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Figure 3. Analytical and experimental results for acoustic wave steering. a) Analytical and c) experimental pressure fields without steering, when all
the unit cells of the metasurface have the same phase shift given in (e). b) Analytical and d) experimental pressure fields showing the propagation
direction is steered to 70°, when the unit cells have gradient phase shifts given in (f). The experimental pressure fields in (c) and (d) are normalized
to the pressure measured in an empty 2D waveguide without the metasurface.

will enable multiple functions with one design and open more
possibilities for the aforementioned applications.

Here, we experimentally demonstrate acoustic beam engi-
neering with the developed metasurface in a 2D waveguide. By
modulating the phase shifts, one metasurface can shape the
acoustic energy field to various types of acoustic beams, such
as focused, tweezer-like, and nonparaxial beams for different
applications. Moreover, the beam features such as directions,
focal point locations, and shapes can be readily tuned to adapt
for different requirements.

Focusing acoustic energy to a narrow beam (beam-
forming) and dynamically steering the beam direction
(beamsteering) are demonstrated as the first example.
When phase shifts are set to values indicated in Figure 4k, a
focused beam oriented in 90° with most energy confined in
the region 17 mm away from the metasurface is generated
(Figure 4f). Moreover, the beam features including both the
focal distance and beam direction can be tuned by gradually
changing the phase shifts. As shown in Figure 4g,h, the focal
distance is increased to 24 mm and the beam direction is
steered to 70°, respectively. The two functions, beamforming
and beamsteering, demonstrated here will benefit multiple
areas including acoustic imaging, energy harvesting, and
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wireless power transfer. For example, a focused beam with
high energy confined in a narrow region will significantly
improve the signal-to-noise ratio and resolution of acoustic
imaging.[36:3]

In the second example, a focused beam is split into two
halves along its central line, creating a new formation called
a tweezer-like beam. Such transformation is enabled by intro-
ducing an additional phase shift of 7 to a half of the meta-
surface. Figure 4i shows a tweezer-like beam generated by
changing the phase shifts to values indicated in Figure 4n,
which have a phase difference of 7 between the left and right
halves. The generated tweezer-like beam has zero energy in the
center confined by a pair of symmetrically distributed bright
lobes. Such tweezer-like beam is analogous to an acoustic
trap®? with a potential well along the central line of the beam.
The tweezer-like beam generated by the metasurface can poten-
tially be used for acoustic tweezers,*>*! which have recently
raised great interest for levitating objects,>** rotating microor-
ganisms,P°! patterning cells and microparticles,**~% as well as
isolating cells and extracellular vesicles.!%0-62]

As a third example, the acoustic energy field is shaped to
a nonparaxial beam for guiding the acoustic energy along a
desired convex trajectory. As shown in Figure 4j, a nonparaxial

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Analytical and experimental results for acoustic beam engineering. a—e) Analytical energy fields of five different acoustic beams, which
demonstrate beamforming, tuning the focal distance, steering the beam direction, generating a tweezer-like beam, and guiding energy along a parabolic
trajectory, respectively. f—j) Experimental energy fields and k-o) required phase shifts for the five acoustic beams. All the experimental energy fields

agree well with the corresponding analytical predictions.

beam following a parabolic trajectory of y = (x + 24)?/35 is
generated, by changing the phase shifts to values indicated
in Figure 4o. Such nonparaxial beam has the capability for
circumventing obstacles and can potentially benefit acoustic
imaging and therapeutic ultrasound. For example, in a complex
structure with an obstacle, guiding the wave energy to bypass
the obstacle is favorable to delivering more energy to the area
of interest.

The three examples prove the unique capability of our
acoustic metasurface for dynamic 2D beam engineering. The
experimental results agree well with analytical predictions.
Our design enables the generation of various types of acoustic
beams as well as dynamically tuning the beam features via
one metasurface, which surpasses the previous metasurfaces
with fixed configurations. Beyond shaping the acoustic energy
field to various beams, our acoustic metasurface may also be
employed for transforming cylindrical waves to plane waves
and creating a holographic rendering.

2.4. On/OfF Switching of Acoustic Waves

Rapid and high-contrast on/off switching of acoustic energy
flow is achieved by taking advantage of reversible amplitude
modulation. When the cavities of shunted Helmholtz resona-
tors are full of fluid, the cavity sizes are minimized and the
transmission coefficient is nearly at the maximum as shown in
Figure 1d. Therefore, by filling all the cavities of the metasur-
face with fluid, an on state with high acoustic energy is realized
(Figure 5a). On the other hand, when the cavities are increased
to their maximum allowable sizes, the shunted Helmholtz reso-
nators nearly approach their resonance frequencies and the
transmission coefficient is close to zero as shown in Figure 1d.
Therefore, by emptying all the cavities of the metasurface,
an off state with low acoustic energy transmission is realized
(Figure 5b). For our current design, the switching time from
one state to the other is nearly 30 s, which is limited by the
large cavity size and the low flow rate of the pumping system.

-
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Figure 5. Experimental results for on/off switching of acoustic energy flow. Acoustic energy fields at a) on and b) off states. ¢) Comparison of pressure

amplitudes along a line at y = 25 mm between on and off states.
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In the future, we will optimize the metasurface and pumping
system to realize a faster switching rate.

To evaluate the switching performance, pressure ampli-
tudes along a line y = 25 mm at on and off states are com-
pared in Figure 5c. After switching from on to off, the sound
level drops nearly 16 dB in the region of [-20, 20] mm. It is
also worth noting that such switching can be realized auto-
matically. Our design expands the abilities of existing acoustic
metasurfaces as well as provides a new paradigm for auto-
matic switching of acoustic energy flow. Compared to previous
switches,?%3% our design has a much simpler configuration
and can be readily implemented without changing the wave-
guide shape.

3. Discussion

In this study, we have designed, fabricated and experimen-
tally demonstrated a passive acoustic metasurface com-
posed of tunable subwavelength unit cells for programming
acoustic waves and realizing versatile wave manipulation
functions. By gradually changing the cavity sizes/effective
mass of shunted Helmholtz resonators with a robust fluidic
system, the subwavelength unit cell can continuously and
dynamically modulate the phase and amplitude of transmis-
sion acoustic waves. With this merit, the developed acoustic
metasurface is able to control its acoustic response and mod-
ulate acoustic waves in the subwavelength scale for achieving
versatile wave manipulation functions. By experimentally
scanning the acoustic pressure and energy fields modulated
with a metasurface, we visually demonstrate multiple wave
manipulation functions including steering plane waves, gen-
erating focused and tweezer-like acoustic beams, guiding
acoustic waves along a parabolic trajectory, and switching
on/off acoustic energy flow.

Previously, to realize distinct wave manipulation func-
tions using passive metasurfaces made of fixed-geometry
space-coiling structures!’®2% and Helmholtz resonators,2!22
different metasurfaces need to be designed and fabricated
through costly and time/labor consuming procedures. More-
over, their acoustic responses cannot be tuned on demand,
once they are fabricated. Compared to the previous passive
metasurfaces, our metasurface composed of tunable unit
cells allows for on-demand control of its acoustic response
and manipulation of acoustic wave propagation in versatile
ways. Our metasurface also enables tunable functions such as
steering the wave direction and changing the focal distance.
Compared to some recently developed reconfigurable passive
structures that have limitations in continuously modulating
the acoustic phase and engineering the acoustic wavefront
such as such as origami-inspired metamaterialsi?’l and elas-
tomeric helices,?% our metasurface breaks these limitations
and thus enables more interesting functions including engi-
neering acoustic beams and guiding waves along a parabolic
trajectory, which usually require sophisticated phase/wavefront
engineering. Another advantage over those recently developed
reconfigurable structures is that our metasurface does not alter
the direct physical path (the top straight channel) for air flow
and light transmission.
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This study extends metasurface research and takes a critical
step forward toward metasurface based dynamic and multifunc-
tional acoustic wave manipulation. With further improvements,
our design concept can lead to many other unique capabili-
ties. For example, the tunable unit cells can be bianisotropic!'’!
or holey structured™ to achieve highly efficient wavefront
manipulation or decoupled modulation of acoustic amplitude
and phase. The tunable unit cells can also be assembled in 2D
arrays for full three-dimensional (3D) manipulation of acoustic
waves. In addition, if the switching rate of the metasurface is
sufficiently high, the time-multiplexed beamformingl®*® can
be introduced to the metasurface. We expect the proposed
programmable metasurfaces can be used for various applica-
tions including acoustic imaging, communication, levitation,
and tweezers, as well as the scenarios that require smart and
tunable properties.

4. Experimental Section

Fabrication of Acoustic Metasurfaces: The unit cells were fabricated by
3D polyjet printing (J750, Stratasys, US) with photopolymers (VeroClear,
Stratasys, US) that have similar material properties as acrylics and
much higher acoustic impedance than that of air. A metasurface was
assembled with the fabricated unit cells that were distributed in a linear
array with a period of 27.8 mm. The cavity sizes of shunted Helmholtz
resonators in the metasurface were controlled by pumping water into/
out of the resonators with automated multimodule syringe pumps
(Cetoni, Nemesys, Germany).

Numerical Simulations: The numerical simulations of a unit cell
were performed using the commercial finite element analysis software
COMSOL Multiphysics with the Pressure Acoustics module. The
background medium is air with density and speed of sound being
1.2 kg m™ and 343 m s, respectively. The air-water interface is
modeled by an impedance boundary with density and speed of sound
being 1000 kg m™ and 1480 m s7', respectively. The walls of the unit
cell are assumed to be rigid. To extract the transmission coefficients
of the unit cell, a plane wave is incident from one side of the unit cell
and perfectly matched layers are added to the other side to reduce
reflections. A probe is placed in the outlet of the straight channel to
extract the transmission amplitude at different cavity sizes.

Analytical Simulations: To efficiently predict the acoustic pressure and
energy fields of transmission waves through a metasurface composed
of subwavelength unit cells, an analytical model is developed. The
detailed derivations of the analytical model are given in the Supporting
Information. Based on the analytical model, a Matlab code is
developed to simulate the acoustic pressure and energy fields given in
Figures 3 and 4.

Phase Shifts for Wave Manipulation: By engineering the local phase
shifts of all the subwavelength unit cells, the metasurface can shape the
acoustic pressure and energy fields to versatile distributions. The input
phased shifts for acoustic wave steering as well as generation of focused,
tweezer-like, and nonparaxial acoustic beams are given in Figures 3
and 4. The derivations of phase shifts can be found in the Supporting
Information.

Acoustic Wavefield Acquisition: The acoustic wavefield acquisition was
performed in a 2D acoustic waveguide with a height of 21 mm. The
experimental setup is given in Figure S1 of the Supporting Information.
An array of 28 speakers was used to generate plane waves normally
incident to the metasurface. The transmission acoustic waves were
measured by a microphone attached on a 2D scanning system. The
received acoustic signals were averaged four times to reduce the noise
level. Through point-by-point scanning in an area of 65 x 55 cm? with
a step of 2 cm, 2D wavefields of the transmission acoustic waves were
acquired.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Supporting Information is available from the Wiley Online Library or
from the author.
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