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Angle-variant metamaterial with reconfigurable phase modulation
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Acoustic metamaterials introduce unprecedented ways by which to modulate acoustic waves in
amplitude, phase, or both. Reconfigurable acoustic metamaterials yield advantages when compared to
conventional metamaterials due to their flexible geometry and feasibility in realizing versatile functions.
Herein, a reconfigurable acoustic metamaterial based on the angle-variant unit cells is proposed and
demonstrated. Two orientation states of the V-shaped unit cell are selected to maximize the phase-shift-
modulation effect. Furthermore, a metamaterial consisting of 18 components is fabricated, each of which
is composed of 18 V-shaped unit cells in different orientation states. The components of the metamaterial
may be readily reconfigured to deliver various phase-shift profiles in order to achieve on-demand acous-
tic functions. In addition, this rotation mechanism can be predictably improved by integrating motors for
dynamic real-time reconfiguration. In this study, a series of acoustic functions, including acoustic focus-
ing, splitting, and diffusion, are numerically and experimentally demonstrated. Additionally, an acoustic
blocker design is also proposed. The results we present herein demonstrate the promise of our design
in wave control. This work extends the realm of reconfigurable acoustic metamaterials and provides an
alternative path for multifunctional acoustic wave modulation.
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I. INTRODUCTION

Wave manipulation has always been a fundamen-
tal branch of acoustic physics. One prime example of
wave control comes from optical lenses, which are opti-
cal components designed to focus or diverge light by
precisely shaping their geometry. Recently, the flourish-
ing development of acoustic metamaterials has demon-
strated extraordinary acoustic characteristics for a variety
of applications, such as negative refraction [1,2], acous-
tic insulation [3—6], and cloaking [7-9], among others
[10—14]. Acoustic metamaterials are artificial structures
that can deliver unconventional effective wave proper-
ties that are substantially different from those of natural
materials. Notable for their extraordinary possibilities
in manipulating acoustic waves, acoustic metamateri-
als typically emerge in the forms of Helmholtz res-
onators [15-20], membranes [21-23], and space-coiling
structures [12,24,25]. They show excellent potential in
covering the 2w phase span of acoustic waves in a rel-
atively high transmission amplitude. Furthermore, acous-
tic metamaterials offer an elegant way to steer acoustic
wave fronts and realize various functionalities, includ-
ing acoustic focusing [26—28], nonreciprocal transmission
[16,29-31], and wave-front modulation [1,32—34], among
others [15,35-38].
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Although the advent of acoustic metamaterials extends
the realm of acoustic wave modulation, acoustic metama-
terials are hindered in practical applications due to their
fixed geometry and monofunctionality. In other words,
once an acoustic metamaterial has been fabricated, its
desired function is fixed. Therefore, a reconfigurable
acoustic metamaterial that can be tuned for multifunctional
wave control is highly desirable. To date, various methods
have been proposed to realize reconfigurable wave control,
such as coding metasurfaces [17,18,39—41], nonrecipro-
cal phase modulations [16,42,43], and origami-inspired
metamaterials [44]. Some of the reported approaches have
been demonstrated in the electromagnetic field or based on
adjusting the cavity volume of Helmholtz resonators; more
solutions to reconfigurable wave control in acoustics are
still needed.

Herein, we propose an alternative approach to the design
of reconfigurable acoustic metamaterials in order to realize
multifunctional acoustic wave manipulation. Our reported
design is promising and robust for realizing versatile wave-
manipulation functions, including acoustic focusing, split-
ting, and diffusion, as well as an off state for blocking
incident acoustic energy. Here, we numerically and exper-
imentally demonstrate the realization of high transmission
with the desired phase shift based on simple V-shaped
unit cells. Then, by designing desired phase-shift profiles,
we are able to steer the acoustic waves to realize multi-
functional acoustic manipulations. In the appendixes, we
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illustrate the simulation setups that are used to extract
the bandgap and transmission behavior of the proposed
structure. Additionally, photographs of the experimental
apparatus are provided. Finally, we explore further options,
including more rotated angles and multifunctional effects
at different frequencies.

II. RESULTS AND DISCUSSION

A. Fundamental principle

The conventional Snell’s law, which describes the rela-
tionship between the properties of the material and wave
bending, governs the angles of incidence and refraction at
the boundary of two media. Consider a plane wave inci-
dent at the boundary with an angle 6,. The incident and
refractive angle and the refractive index of the refractive

and incident medium are related in the form of

siné;/ sin6, = n,/n;,

()

where 0, is the angle of refraction and n; and #n, are the
refractive indices of the incident and refractive medium,
respectively. However, with the discovery of the general-
ized Snell’s law [45,46], a phase gradient is introduced as
a new factor, in the form of

[kon; sin B;dx + (P + d®)] = [kon, sin,dx + ], (2)

where ky = 27 /Ao, Ao is the acoustic wavelength in air,
dx is the distance between two infinitesimally close points,
and @ and d® are the phase and its discontinuities at this
distance. If the phase gradient along the boundary is a
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FIG. 1.

(a) The concept of the V-shaped reconfigurable metamaterial for multifunctional wave control. (b) A schematic diagram of

the V-shaped unit cells in a rotary mechanism. (c) The top view of the unit cells, with the following geometrical parameters: distance
between the lowest point of the left arm to the left boundary m = 7.18 mm, distance between the lowest point of the left arm to the
bottom boundary n = 3.23 mm, initial orientation of the left arm 8y = 37.5°, width of arm w = 1.5 mm, height of arm # = 10.08 mm,
and length of the unit cells L = 18 mm. (d) The band structures of the unit cells as a function of different angular orientations 6 = 0°,

30°, 60°, and 90°.
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constant value, the equation is formatted into

sinf,n, — sinf;n; = A)V®/2m, 3)
where V& = d®/dx indicates the gradient of the phase
discontinuity along the boundary. Thus, by designing and
engineering a phase gradient along an interface, we can
control the bending direction of the waves to deliver versa-
tile functionalities. In the case of transmission through bulk
materials, the incident plane wave has a sound pressure of
pi = pre~ ™ while the transmitted pressure would be p, =
pre”* +® "in which k represents the wave number and ¢
refers to the phase shift. For a specific bulk material, ¢
does not change as long as the thickness of the unit remains
constant. In order to realize a reconfigurable phase gradient
along the interface, a metamaterial consisting of an array
of V-shaped unit cells is designed. By manipulating the
angular orientation (initial state & = 0°) of each unit cell,
the metamaterial can deliver multiple desired functions, as
shown in Fig. 1(a). Figure 1(b) illustrates the V-shaped
unit cell that we are proposing here, which consists of a
base and two symmetric inclined arms. Its acoustic char-
acteristics may be adjusted by rotating these two arms on
the center point of the unit cell. The cross section of the
unit cell and its geometrical parameters are illustrated in
Fig. 1(c). We define three factors to describe the position of
the left arm: m is the distance between the lowest point of
the left arm to the left boundary,  is the distance between
the lowest point of the left arm to the bottom boundary, and
6 is the initial orientation of the left arm. Meanwhile, the
right arm is centrally symmetrical to the left arm. To ensure
an optimal transmission behavior of the unit cell, the band
structures of the unit cell at different angular orientations
(6 = 0°, 30°, 60°, 90°) are numerically obtained. In the
case of aeroacoustic transmission, the mass density and
the speed of sound in the air are set as py = 1.22 kg/m?,

—_

(2)

~—

N=0
[}
o
2
N=1 a
. IS
<

N=18
0
(b) o
%\ " Q\ i~ I~ Ny N %
&6 HHHE L
V¥ ¥y Yy Y A
ys) A & Vs V V' 4 17}
' 4) i &7 By 7 F S ©
& & & @ @ ey @ T

I L < LI VR

FIG. 2.

co = 343 m/s. By solving the Floquet periodic conditions,
the band structures of the unit cell at various frequen-
cies are presented in Fig. 1(d). Intriguingly, the unit cell
behaves inconsistently under different angular orientations.
Given the reciprocity of acoustic wave propagation, rota-
tion angles larger than 90° are not considered. When 6 =
0°, no band gap can be observed, indicating a high trans-
mission along the I'X direction at this frequency range.
As we change the orientation of the unit cell, a partial
band gap (blue domain) appears and becomes greater with
a larger angle. The lower-frequency limits of the band-
width are all larger than 6000 Hz, signifying that acoustic
waves can transmit through the V-shaped unit cell (6 = 0°,
30°, 60°, 90°) below 6000 Hz (see a detailed analysis of
the bandgap and transmission behavior in the appendix).
Therefore, we have chosen 6000 Hz as the operating fre-
quency (corresponding to the wavelength of A &~ 57 mm)
in the following simulations and experiments to validate
our proposed design.

B. Phase-array design

Similar to a V antenna providing phase shifts in an
electric field [46], our proposed V-shaped unit cells are
capable of generating phase shifts in acoustics. For max-
imum coverage of the phase shift, 18 metamaterial com-
ponents are constructed, with each consisting of 18 V-
shaped unit cells. As demonstrated in Fig. 2(a), every
metamaterial component contains a different number of
unit cells that rotate by either 90° (V) or 0° (18 — N).
To optimize the reconfigurability while minimizing the
testing errors, the metamaterial components are further
divided into seven types of subcomponents, which con-
tain N from 0 to 6, as shown in Fig. 2(b). Thus, each
metamaterial component can be replaced with three sub-
components. By properly engineering the configuration of
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(a) A schematic diagram of the metamaterial components composed of different numbers of & = 90° rotated units (V).

(b) A schematic diagram of seven types of subcomponents, labeled “0”—“6”. (c) The simulated acoustic transmission of components
and the comparison between the simulated and measured phase shifts that they provide.
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subcomponents, the metamaterial can control its acous-
tic response and realize versatile wave control functions.
Simulations are initially performed to characterize the
transmission responses of the metamaterial components.
The upper part of Fig. 2(c) shows the simulated trans-
mission response of the metamaterial components as a
function of different values of N for normally incident
plane waves at 6000 Hz. Generally, components composed
of different 90° unit cells maintain a transmission coeffi-
cient approximating 80%, consistent with a relatively high
degree of acoustic energy transmission. Subsequently, the
phase shifts of the transmitted waves are numerically and
experimentally extracted, as shown in the bottom part of
Fig. 2(c). By reconfiguring the building blocks of the meta-
material components, a phase shift covering almost a 2
range may be achieved. The black circles correspond to
measured phase shifts of components when N varies from
0 to 18, suggesting a discrete phase shift in a 27 range with
a step of 20°. It can be observed that the measured phase

shifts agree well with the results obtained from numerical
simulations. The agreement validates the conclusion that
the metamaterial components can realize arbitrary phase
modulation in a reconfigurable manner by mapping their
subcomponents.

C. Versatile function designs

Given the metamaterial components demonstrate the
feasibility of covering full-range phase shifts, a metama-
terial is assembled into different configurations to achieve
versatile functions. Simulations and experiments are both
employed to validate the multifunctional characteristics of
the metamaterial. Figure 3(a) is a schematic diagram of
the experimental setup. For a given function, the meta-
material is redesigned into a specific configuration and
placed into a two-dimensional waveguide. A sound source
is placed in the front of the waveguide, generating plane
waves incident on the metamaterial normally. A recording
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FIG. 3.

(a) The schematic diagram of the experimental setup. (b) The calculated and simulated phase shifts that the metamaterial

provides. The bottom figure represents the distribution of N along the y axis. (c¢) The simulated real component of the acoustic pressure
field for acoustic focusing. The two inset figures correspond to the simulated (up) and measured (bottom) pressure field in the focal
region. (d) The normalized magnitude of the acoustic pressure distribution along a cut line at x = 0.2 m. The blue line represents the
simulated result, the green dots represent the measured result, and the black dashed line represents the measured acoustic pressure in

the absence of the metamaterial.
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microphone is placed behind the metamaterial to mea-
sure the transmitted acoustic pressure and by continuously
changing its position, the pressure field of the desired area
is acquired. Modulating the metamaterial to realize a given
function requires initially calculating the required gradient
phase shifts based on the generalized Snell’s law, followed
by arranging the subcomponents in the requisite config-
urations to achieve the desired function. Below, several
functionalities are discussed and realized as a validation
of our design.

1. Acoustic focusing

Acoustic focusing is of great interest to a variety of sce-
narios, including medical ultrasound imaging [35,47,48]
and acoustic energy harvesting [49], among others [27,28].
Although acoustic focusing can be realized via conven-
tional acoustic metamaterials, due to their fixed geometry
and limited tunability in modulating phase shift, these
metamaterials are unable to reshape the positions of the
focal point once they are fabricated. Therefore, meta-
materials that can be tailored to realize acoustic focus-
ing at different locations are of interest. Compared to
other tunable metamaterials that are typically based on
Helmbholtz resonators, the reconfigurable mechanism of
this metamaterial is advantageous given the lack of a

complex apparatus to precisely tune the cavity volume, as
there are only two states that are available to the V-shaped
unit cells, angular orientations of 0° and 90°. In order to
focus the acoustic energy, the distribution of phase shifts
along the metamaterial should follow

¢ =ko (\/(x—xo)2 + (=)’ —\/x§+y§), “

where (xo, o) is the position of the focal point. In the
case of acoustic waves being focused at (0.2 m, 0), the
phase-shift distribution of the metamaterial along the y
axis is calculated as the blue line with circle markers in
Fig. 2(b). Taking advantage of the phase-shift-modulation
ability of different types of subcomponents, the phase dis-
tribution may be mapped within different configurations
of subcomponents. For example, when y = 0.021 m, the
calculated phase shift is 6 = 6.92° and, according to the
measured data in Fig. 2(c), N = 5 fulfills the requisite cri-
teria. Hence, three subcomponents are chosen (“0”x2 and
“5”x1) and a simulated phase shift of 6.31° should be
achieved. The mapping of the subcomponents is demon-
strated by the blue dots in the bottom part of Fig. 3(b).
As a comparison, the prediction of the phase shift is repre-
sented by the yellow line with triangle markers in the upper
part of Fig. 3(b). The calculated and simulated results show
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FIG. 4. (a) The calculated and simulated phase shifts that the metamaterial provides. (b) The distribution of N along the y axis.
(c) The simulated real component of the acoustic pressure field for the acoustic wave-steering function. Two sets of inset figures
correspond to simulated (left) and measured (right) pressure fields in the two wave-steering regions. (d) The normalized magnitude
of the acoustic pressure distribution along a cut line at x = 0.1 m. The blue line represents the simulated result, the dark blue dots
represent the measured result in region 1, and the green dots represent the measured pressure field in region 2. Here, region 1 refers to
waves that are split “upward” and region 2 refers to waves that are split “downward” in the figure.
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good agreement. Based on the acoustic focusing applica-
tion, a simulation is undertaken, with the results shown in
Fig. 3(c). For a plane wave incident from the left side, a
focusing beam is present at the coordinate (0.2 m, 0). Addi-
tionally, the pressure distribution in the focusing region is
measured and shown as the insets of Fig. 3(c). In order to
quantify the resultant focusing, the acoustic pressure along
a cut line (x = 0.2 m) is depicted in Fig. 3(d). The blue
line and green dots correspond to the simulated and mea-
sured acoustic pressures normalized by their maximum
pressure value along the cut line, respectively. The dashed
black line represents the measured acoustic pressure in
the absence of the metamaterial, normalized by the max-
imum pressure value in the presence of the metamaterial.
It can be seen that, with the metamaterial, the pressure
at the focal point (y = 0 m) is approximately 2.3 times
larger than the pressure in the absence of the metama-
terial. In the case of acoustic energy [squared acoustic
pressure (p?)] confinement, the presence of the meta-
material yields an approximately 5.3-fold enhancement.
These results indicate that a robust focusing function is
achieved.

2. Acoustic wave steering

As a second example, acoustic wave steering, a fun-
damental application of wave bending, is demonstrated.
In the case of steering acoustic waves toward two direc-
tions symmetrically, the distribution of phase shift along

the metamaterial should follow

@ =koysin6,,y <0; ¢ = —kyysinf,,y >0. (5)
Here, we select 30° as the refraction angle, following the
same design procedure, and the phase-shift profile is pre-
sented by the blue line with circle markers in Fig. 4(a).
The metamaterial is reconfigured and its subcomponents
are mapped to match the calculated phase profile. The dis-
tribution of subcomponents for the acoustic wave-steering
function is demonstrated in Fig. 4(b) and the predic-
tion of the phase-shift profile it can deliver is shown by
the yellow line with triangle markers in Fig. 4(a). Good
agreement is achieved between the calculated and sim-
ulated phase-shift profiles. The corresponding simulated
pressure field is illustrated in Fig. 4(c) and two splitting
regions are further experimentally measured and compared
with simulation results as the two groups of insets in
Fig. 4(c). Finally, Fig. 4(d) shows the quantitative com-
parison between the simulated and measured normalized
acoustic pressure at coordinate (x = 0.1 m), with the mea-
sured results agreeing well with results obtained from
simulations.

3. Acoustic diffusion

Acoustic diffusers are used to transmit acoustic energy
in all directions [15,40,50]. By diffusing acoustic energy
evenly in space, diffusers are of interest in applications
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(a) The calculated and simulated phase shifts that the metamaterial provides. (b) The distribution of N along the y axis.

(c) The simulated magnitude of the acoustic pressure field for acoustic blocking. The two inset figures correspond to the simulated
(left) and measured (right) pressure field in the acoustic transmitted region. Surface wave patterns can be observed close to the left
boundary of the inset figures. (d) The normalized acoustic energy distribution along a cut line at x = 0.08 m. The blue line represents
the simulated result, while the green dots represent the measured results.

such as noise control, ultrasound imaging, and other areas
of architectural acoustics. Conventional Schroeder’s dif-
fusers are limited due to their bulk geometries and per-
formance at mid- and high frequencies. By adjusting the
configuration of the metamaterial, an acoustic diffuser
operating at 6000 Hz is demonstrated herein. As the back
propagation of acoustic focusing [16,51], the equation to
calculate the phase profile of acoustic diffusion is the
opposite of Eq. (4) and is expressed as

¢ = ko (/xg 33— —x) + —YO)2> . (©

Thus, the subcomponents of the metamaterial are mapped
to match the desired phase profile, which is presented by
the blue line with circle markers in Fig. 5(a). The distribu-
tion of subcomponents for the acoustic diffusion function
is demonstrated in Fig. 5(b) and the prediction of the
phase-shift profile is shown by the yellow line with tri-
angle markers in Fig. 5(a). Simulation and experiments
are subsequently undertaken and a satisfactory diffuse
transmission effect can be observed in Fig. 5(¢).

4. Off state

Lastly, in addition to multiple wave-manipulation func-
tions, the feasibility of the metamaterial functioning as an
acoustic blocker is also notable. This off-state function is

achieved via the destructive interference resulting from the
interaction between transmitted waves. The intensity of the
interference is determined by the amplitude and phase of
the propagating acoustic waves. To maximize the interfer-
ence intensity, two metamaterial components (N = 1 and
N = 11) are selected. The phase-shift difference between
two adjacent components is close to 7 (96° and —94° and
they share similar transmission amplitudes (of 0.79 and
0.74, respectively), which further advances the complete
interference.

Therefore, by configuring components in a repetitive
manner, blocking of the acoustic energy is achieved,
resulting in a low transmittance. The analytical and sim-
ulated phase profiles for the off state are presented in
Fig. 6(a) and the arrangement of the components is shown
in Fig. 6(b). The simulated and measured absolute acoustic
pressure field (|P]) are illustrated in Fig. 6(c). Notably, the
surface wave along the y axis can be observed at the left-
ward boundary of the insets, indicating the strong interfer-
ence between waves passing through adjacent components.
In order to quantify the resultant acoustic blocking effect,
the acoustic energy (|P|?) along a cut line (x = 0.08 m)
is depicted in Fig. 6(d). The blue line corresponds to
the simulated acoustic energy normalized by the incident
acoustic energy, while the green dots represent the mea-
sured acoustic energy that is normalized by the maximum
acoustic energy at the same location in the absence of the
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Transmission loss (dB)

(a) A schematic diagram of acoustic waves propagating through a unit cell. (b) The simulation setup for evaluating the

band structure of the unit cell. (¢) The simulation setup to derive the transmission loss of a finite array consisting of 18 unit cells.
(d) A comparison between the band structures and transmission loss of 18 unit cells at different configurations (0° or 90° state).

metamaterial. The simulated and measured results show
good consistency in the measured region, suggesting an
acoustic energy transmission generally lower than 10%.

III. CONCLUSIONS

In this study, we have designed and demonstrated an
acoustic metamaterial that can be reconfigured to deliver
versatile wave-control functions. The proposed acoustic
metamaterial is composed of V-shaped unit cells, which
offer varied acoustic characteristics by rotating their arms
to different orientations. Through the composition of unit
cells into various configurations, full coverage of a 2x
phase shift is realized. Based on this phase modulation
methodology and by following the generalized Snell’s law,
we have numerically and experimentally shown the full

capability of the metamaterial to steer acoustic waves,
including acoustic focusing, splitting, and diffusion. More-
over, by leveraging destructive interference by mapping
the metamaterial in a specific repetitive manner, we have
been able to switch off the functionality of the meta-
material to achieve a low acoustic energy transmission.
Compared to previous studies of metamaterials, which are
typically fixed in functionality once they are fabricated,
the proposed metamaterial yields a tunability capable of
delivering multiple functions. Additionally, our metamate-
rial does not need costly or time-consuming fabrication,
with only seven distinct types of subcomponents being
required to deliver the desired functions. The discrete
phase shifts enabled by our design ensure continuous and
accurate modulation of incident acoustic waves. More-
over, if this rotation methodology can be combined with
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FIG. 8. The transmission coefficient of the unit-cell array com-
posed of different numbers of & = 90° rotated units (N = 0-18)
in the frequency range from 0 to 10 000 Hz.

an external apparatus such as a motor, a dynamic real-time
phase modulation can be achieved. This study extends the
realm of reconfigurable acoustic metamaterials and takes a
step forward toward versatile acoustic wave manipulation.
With further refinements, our design may be improved
toward dynamic on-demand reconfiguration, broadband
operation frequencies, and optimization of the orientation
angles to achieve more reliable multifunction wave con-
trol. The reported metamaterial offers a pathway toward
realizing reconfigurable acoustic technologies, applicable
to a myriad of acoustic applications.
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FIG. 9.
unit cells.

APPENDIX A: NUMERICAL SIMULATIONS

The numerical simulations were performed using the
COMSOL MULTIPHYSICS 6.0 finite-element software, via the
“Pressure Acoustics, Frequency Domain” (ACPR) module.
All models are two-dimensional models. In all simulations,
the background medium is set as air (py = 1.22 kg/m?,
co = 343 m/s). The outer frames of solids are set as sound
hard boundaries. The band structures in Fig. 1 are deter-
mined with the eigenfrequency study. Floquet periodic
boundary conditions are applied to the sides of the unit
cell. In Figs. 2—6, a frequency-domain study is deployed
to determine the acoustic transmission, the phase shift,
and the pressure fields. Plane waves are incident normally
with an amplitude of 1 Pa. Perfectly matched layers (PML)
are adopted to reduce unwanted reflections at surrounding
boundaries.

APPENDIX B: EXPERIMENTAL
MEASUREMENTS

The metamaterial subcomponents were fabricated by
a commercial stereolithography-based three-dimensional
printer (Form 3+). The metamaterials were assembled
with fabricated subcomponents and placed in a planar
waveguide. The top and bottom sides of the waveguide
were placed with acrylic boards, while the sides of the
waveguide were filled with absorbing foam to reduce
unnecessary acoustic reflection at the boundaries. A loud-
speaker with a side length of 10 cm was used as the
point source and placed 60 cm (approximately 10.51) from
the metamaterial to generate plane waves. The transmitted
acoustic pressure field was acquired with two microphones
(Briiel & Kjer Type 4138 microphone), with one fixed
close to the loudspeaker to record as a reference signal
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(a) The experimental setup to measure the phase shift. (b) Phase-shift optimization by bringing in more orientation states of
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while the other was attached to a two-dimensional motor-
ized linear stage (VELMEX BiSlide) on the transmission
side. Point-to-point scanning was performed with a step
of 0.5 cm in the area of interest. The measured data were
recorded and analyzed by the Briiel & Kjer 3160-A-042
module.

APPENDIX C: BAND STRUCTURES AND
TRANSMISSION BEHAVIOR

We can numerically derive the band structures of the
unit cell using the Floquet-type periodic boundary condi-
tion in COMSOL MULTIPHYSICS. Ignoring the time term, the
pressure field at different boundaries of the unit cell can be
represented as pi, py = pre ™%, ps, and py = p3e L, as
shown in Fig. 7(a). Here, k, and k, represent wave vec-
tors oriented along the x and y directions, respectively.
The simulation setup used to derive the band structures
of the unit cell is illustrated in Fig. 7(b). Given the high
impedance mismatch between the solid frames and air,
the frames of two arms are set as sound hard bound-
aries. Two sets of Floquet-type periodic boundary condi-
tions are applied at the side boundaries of the unit cell.

Subsequently, a simulation is performed to calculate the
transmission loss of a finite array using the setup depicted
in Fig. 7(c). Perfect-matched layers (PMLs) are applied at
both ends of the geometry to minimize unwanted acous-
tic reflections. A background pressure field is applied in
the front part of the waveguide, with an incident acoustic
pressure of 1 Pa toward the positive x direction. To ana-
lyze the propagation behavior of unit cells, a finite array
composed of 18 unit cells is placed at the center of the
waveguide, while the top and bottom boundaries are set as
periodic boundary conditions. The band structures of the
unit cell are then examined at orientations of 0° and 90°,
as depicted in the first column of Fig. 7(d), while the trans-
mission loss of a finite array consisting of 18 unit cells is
analyzed at the corresponding configurations shown in the
second column.

Figure 8 illustrates the effect of numbers of 6 = 90°
rotated units (V) on acoustic transmission at different fre-
quencies. Within a finite array of 18 unit cells, it can
be observed that the transmission of acoustic energy is
maintained at a relatively high amplitude below 6000
Hz, which agrees well with the band-structure analysis
in Fig. 7(d). This result demonstrates that the proposed
structures are capable of achieving broadband phase mod-
ulation.
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FIG. 10. Simulated results of acoustic wave steering at different frequencies.
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FIG. 11.
the pressure field.

APPENDIX D: THE EXPERIMENTAL SETUP TO
MEASURE PHASE-SHIFT AND
ROTATION-ANGLE OPTIMIZATION

Figure 9(a) shows the experimental setup to measure the
phase shift of a finite array (the top layer of the waveg-
uide is not shown). Foam is placed along the sides to
reduce unwanted reflection. Two microphones are placed
to record the acoustic pressure before and after the sample.
The signal generation and data collection are all controlled
by the Briiel & Kjer 3160-A-042 Module.

In the main text, we have selected two states of the
unit cells, which are 6 = 0° and 90°, to achieve a discrete
phase shift in a 2w range with a step of 20°. To opti-
mize for a more detailed phase-modulation effect, more
adjustable states of unit cells are required. Figure 9(b)
shows three sets of simulated phase-modulation effects of a
finite array consisting of 18 unit cells. When the available
states of each unit cell increase from two states (6 = 0°
and 90°) to three (0 = 0°,45°, and 90°) and four states
(6 = 0°,30°,60° and 90°), the achieved phase shift covers
a larger area.

APPENDIX E: DEMONSTRATION OF
MULTIFUNCTIONALITIES OPERATING AT
DIFFERENT FREQUENCIES

As shown in Fig. 8, the proposed metasurface has the
potential to maintain a high transmission coefficient below
6000 Hz. Here, Figs. 10(a) and 10(b) demonstrate the
reconfigurability of the proposed metasurface to tune the
focal distance and the beam direction and then the same
configuration as shown in Fig. 10(b) is operated at a differ-
ent frequency of 4000 Hz. The result is shown in Fig. 10(c).
Notably, the focal point in Fig. 10(c) shifts to a lower
position due to different phase-modulation behaviors of

(b)

~Moto ed stages— .
: !'r“ ——

(a) The simulation setup to derive the acoustic pressure field on the transmitted side. (b) The experimental setup to measure

the metasurface at different frequencies. Nevertheless, a
solid acoustic focusing effect is still delivered. Similarly,
the second row of Fig. 10 illustrates the functionalities of
the proposed metasurface to tune the refraction angles of
acoustic waves [Fig. 10(d), refracting at 30°; Fig. 10(e):
refracting at —30°]. A metasurface in the same config-
uration is simulated at 4000 Hz. The result is shown in
Fig. 10(f): a refraction angle of —30° can still be observed
but with a higher dispersion effect.

APPENDIX F: ACOUSTIC PRESSURE FIELD
SIMULATION AND EXPERIMENTAL SETUP

Figure 11(a) shows the simulation setup. PMLs are
applied to the surrounding regions to absorb the reflected
and transmitted acoustic waves. A background pressure
field is applied in the front part of the waveguide, with
incident acoustic pressure 1 Pa toward the positive x-axis
direction. In order to reduce the impact of a background
pressure field on the transmission side, sound hard bound-
aries are applied on the blue lines. Figure 11(b) is a
photograph of the experimental setup. Foam is used to
absorb acoustic energy. A loudspeaker is placed in the
far field to generate plane waves. Two microphones are
used to record the acoustic pressure, with one placed on
the loudspeaker side and the other attached to a motorized
stage.
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