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Acoustic metasurfaces display unprecedented potential for their unique and flexible capabilities of wave
front manipulations. Although rapid progress and significant developments have been achieved in this
field, it still remains a significant challenge to obtain an acoustic metasurface that can perform different
functions in three-dimensional (3D) space, as desired. Here, a tunable acoustic metasurface composed
of Helmholtz-resonator-like digital-coding meta-atoms is presented to overcome the limitation and real-
ize 3D dynamic wave manipulations. The digital meta-atom is constructed from two cylindrical cavities
controlled by a motor. By changing the depth of the bottom cavity with the motor automatically, the
reflection phase of the meta-atom can be adjusted continuously over the range of nearly 360°, realizing the
required digital states. To build the relationship between the digital-coding profiles and scattering patterns,
convolution and addition operations are implemented. Based on such operations, various fascinating func-
tionalities, such as arbitrary scattering-pattern shift and superposition of different scattering beams, are
achieved. This study paves the way for studying acoustic metasurfaces from the digital perspective and
provides efficient methods for realizing spatial acoustic wave control.
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I. INTRODUCTION

Wave front modulation is of significant interest and has
the powerful ability to control acoustic fields and elec-
tromagnetic fields. Recently, metasurfaces, as a classical
two-dimensional (2D) metamaterial, comprising subwave-
length artificial structures, have garnered significant atten-
tion and promoted substantial development, owing to their
unique properties for controlling classic waves, includ-
ing acoustic and electromagnetic (EM) waves [1–3]. In
the acoustic region, metasurfaces provide great flexibil-
ity for controlling the phase and amplitude of reflected or
transmitted waves; therefore, several intriguing functions,
such as acoustic communication [4], acoustic asymmetric
transmission [5,6], acoustic hologram [7,8], sound-diffuse
reflection [9,10], and anomalous reflection or refraction
[11–13], are implemented. In addition, inspired by EM-
coding metasurfaces [14], acoustic coding metasurfaces
are introduced for manipulations of the acoustic waves
with high flexibility via mimicking the bits “0” and “1”
in computer systems [15–17].
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Although passive acoustic metasurfaces have achieved
significant milestones in controlling acoustic waves [18,
19], their acoustic responses cannot always be altered
because, once fabricated, the geometries of unit cells,
such as membrane-type structures [20,21], Helmholtz res-
onators [22–24], and space-coiling structures [25–27], are
fixed, hindering them from some special application sce-
narios that require tunable scattering patterns. Therefore,
tunable acoustic metasurfaces are highly desired, and sev-
eral researchers have focused on the design of tunable
and reconfigurable acoustic metasurfaces or metamateri-
als [28–31]. Recently, programmable acoustic structures
have been proposed to demonstrate acoustic topological
insulators [32] and acoustic metasurfaces [33], achiev-
ing 2D wave manipulations. Additionally, tunable helical
structures were utilized to flexibly control the reflection
and transmission patterns in three-dimensional (3D) space
[34,35], while the manual adjustment method seriously
restricts their applications. Therefore, it is still difficult
to achieve continuous and arbitrary control of scattering
patterns by utilizing the existing acoustic metastructures.

Here, we propose a tunable acoustic metasurface, which
comprises a Helmholtz-resonator-like digital-coding struc-
ture. Compared with passive meta-atoms [36–38], the
wave-propagation paths inside the unit cell can be flexibly
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tuned via a motor and the corresponding control system
that can change the depth of the bottom cavity inside it;
subsequently, the reflection phases of typical particles can
be modulated continuously. To achieve flexible and diverse
control of scattering beams using the proposed tunable
acoustic metasurface, convolution and addition operations
that are proposed to manipulate the scattering patterns of
EM waves [39,40] are all introduced and implemented
in this study. The consistency between the measured and
simulated results verifies the validity of the corresponding
theory.

II. DESIGN PRINCIPLE OF THE TUNABLE
ACOUSTIC METASURFACE

A tunable acoustic metasurface constructed from an
array with 8 × 8 programmable supercell elements (to
mimic the local periodic boundary conditions, a supercell
containing 3 × 3 identical unit cells is employed and con-
trolled by a single motor) is provided for dynamic airborne
sound control (Fig. 1). The basic unit cell comprises two
cylindrical cavities with different depths (h1 and h2) and
diameters (R1 and R2) [Fig. 2(a)], of which h1 = 4 mm,
R1 = 22 mm, and R2 = 20 mm are fixed. The period of the
unit cell (p) is equal to 25 mm, which is approximately
one third of the wavelength of the operating frequency
(4600 Hz). In our design, each programmable element can
be continuously modulated to obtain the required reflec-
tion phase with the help of a motor and the corresponding
control system in Fig. 1, which can change the location
of the movable plunger [Fig. 2(b)]. To reveal the rela-
tionship between the reflection phases and total depth

FIG. 1. Schematic of the proposed tunable acoustic metasur-
face that can carry out beam scanning and superposition, as
shown at the top of this figure. Inset: Schematic of the basic
programmable element.

(a) (b)

FIG. 2. (a) Unit cell of the tunable acoustic metasurface. Inset:
Cross-section view of the unit cell. (b) Simulated and analytically
calculated reflection phases of the typical unit cell as a function
of total depths h.

h(h = h1 + h2) of the cavities, the reflection phases of
the unit cell [Fig. 2(b)] are calculated using the transfer-
matrix method. From the calculated results, it is easy to
observe that a nearly full 360° span of the reflection phase
shift can be obtained at 4600 Hz, as h increases from 4
to 40 mm (see Appendix A for the detailed calculation
process). Furthermore, the simulated results are provided
here to verify the calculated results, and the small dis-
crepancy between them has no significant effect on the
design of the proposed acoustic metasurfaces. Here, the
materials of the unit cells can be considered as acoustically
rigid, whereas the thermoviscous losses are negligible. The
simulation method and material parameters are presented
in Appendix B. Additionally, to demonstrate the opera-
tional bandwidth of the proposed acoustic metasurface, the
reflection phase spectrum of the unit cell between 4000 and
6000 Hz is presented in Appendix C, where h is varied
from 5 to 31.9 mm. Due to the good linearity of the reflec-
tion phase curves, we can see that the phase differences are
retained well in a broadband bandwidth among meta-atoms
with different sizes, implying that the proposed metasur-
face can operate efficiently over the observed frequency
range. Therefore, by properly arranging the aperture phase
patterns across the proposed acoustic metasurface, the pre-
designed features can be realized, including arbitrary beam
scanning and beam superposition.

Furthermore, it is clear that we can find cavities with dif-
ferent depths with almost full 360° control of the reflection
phases. For example, when values of h are chosen to be 5
and 19 mm, the achieved phases are 0° and 180°, respec-
tively, from Fig. 2(b). Therefore, the proposed structure
can serve as the 0 or 1 units required by the coding meta-
surfaces [39,40]. By optimizing the coding sequences of
the coding digits, the scattering pattern of the metasurface
can be efficiently engineered, hereby fostering a number
of applications, like beam splitting or beam deflection. In
addition, since the plunger is able to move in real time,
all unit cells can switch between different states, making
the metasurface a tunable surface as a result. This means
that different functionalities can be defined and adjusted
by synthesizing the coding sequences in advance.
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Next, to illustrate the excellent performance of far-
field scattering-pattern regulations based on this tunable
metasurface, mathematical operations, including convolu-
tion and addition, are revealed in Sec. III and Sec. IV to
achieve single or multiple beam control on the basis of the
proposed acoustic metasurface.

III. CONVOLUTION OPERATION ON THE
ACOUSTIC METASURFACE

Steering of acoustic waves exhibits great applications in
nondestructive evaluation [41] and acoustic imaging [42].
Although acoustic metasurfaces are demonstrated to shift
acoustic waves to different directions, they still have limi-
tations in fast and efficient 3D wave manipulations, which
is an essential function for practical applications. Recently,
the convolution operation proposed by Liu et al. was
demonstrated to realize the continuous control of EM
waves in arbitrary directions [39]. However, successful
demonstrations in acoustic regions are scarce. Therefore,
the convolution operation can be a useful method to regu-
larize the far-field scattering patterns flexibly and arbitrar-
ily from a fully digital perspective.

Because the acoustic pressure field distribution on the
acoustic metasurface and the scattering pattern in the far-
field region are a Fourier transform pair, the aperture field
distribution, P(xλ), and the far-field scattering pattern,
P(sin θ), are related as per the following Fourier transform:

P(xλ) · ej 2πxλ sin(θ0) FFT⇔ P(sin θ) × δ(sin θ − sin θ0)

= P(sin θ − sin θ0), (1)

where ej 2πxλ sin(θ0) describes the acoustic pressure field dis-
tribution with unity amplitude and gradient phase along a
certain direction, xλ = x/λ denotes the equivalent physi-
cal length of the period of coding sequences relative to
the operation wavelength λ, and θ denotes the deflection
angle with respect to the normal direction. From Eq. (1),
it is clear that the scattering pattern P(sin θ) can deviate
away from the original direction by sin θ0 in the angular
coordinate by multiplying the acoustic pressure field dis-
tribution P(xλ) and gradient phase sequence ej 2πxλ sin(θ0)

together. Here, the multiplication of the phases of two
coding sequences is equivalent to the modulus of the cor-
responding coding digits, providing less computational
complexity for the optimization of scattering patterns.

A 2-bit acoustic coding metasurface, which contains
four types of coding elements to form a gradient coding
sequence “0 1 2 3 0 1 2 3. . . ,” is proposed to verify the
above concept of the scattering beam shift. The four digits
represent four types of supercell elements with a phase dif-
ference of 90°. As shown in Fig. 2(b), to obtain the required
coding particles, four digital-coding unit cells with differ-
ent h are selected. Additionally, the dimensions of 1-bit,
2-bit, and 3-bit coding elements are all listed in Table I.

TABLE I. Dimensions of different h for the corresponding 1, 2,
and 3 bit coding digits.

h (mm) 5 11.9 15 17.1 19 21.2 24.8 31.9

1 bit 0 1
2 bit 0 1 2 3
3 bit 0 1 2 3 4 5 6 7

To demonstrate the performance of the convolution
operation, an example is presented to illustrate the scat-
tering pattern shift. A single scattering beam pointing in
a predesigned direction in the upper-half space can be
generated when the acoustic metasurface is encoded with
different coding sequences (Fig. 3). As shown in Figs. 3(a)
and 3(b), the acoustic metasurfaces encoded with two dif-
ferent coding sequences, S1 (0 1 2 3 0 1 2 3) and S2 (0 0 1
1 2 2 3 3), along the x direction are illustrated, and the cor-
responding anomalous reflections with deflection angles of
14.4° and 7.1° (with respect to the z axis in the x-o-z plane)
can also be revealed, as θ = arcsin(λ/L) (L is the period of
the coding sequence). This can be confirmed by the sim-
ulated 3D far-field sound-pressure-level (SPL) scattering
patterns [Figs. 3(a) and 3(b)] and the corresponding 2D
results in the x-o-z plane [Fig. 3(e), orange line for case
1 and cyan line for case 2]. Thus, by adding the coding
sequence S1 to S2, coding sequence S3 (0 1 3 0 2 3 1 2)
can be obtained to produce a single beam with a different
scattering angle, as illustrated in Fig. 3(c). Similarly, when
coding sequence S1 adds coding sequence S4 (3 3 2 2 1
1 0 0), which is equal to the distribution of sequence S2,
but along the reverse direction, another coding sequence,
S5 (3 0 0 1 1 2 2 3), can be generated [Fig. 3(d)], which
can be considered as S1 minus S2. By observing the scat-
tering patterns of the coding sequences S3 and S5, which
are termed as cases 3 and 4 in Figs. 3(c) and 3(d), it is clear
that the original single beams can deviate from the normal
axis to different directions without distortion. In addition,
to further demonstrate the theoretical-calculated results
based on the principle of the scattering pattern shift, the
deflection angles of cases 3 and 4 can be calculated from

θ = sin−1(sin θ1 ± sin θ2), (2)

where θ1 and θ2 denote the deflection angles of the two
original coding sequences that are added or subtracted
[39]. It is clear that the theoretical-calculated deflecting
angles of cases 3 and 4 are 21.9° and 7.2°, respectively,
which are approximately equal to the results of the numer-
ical simulations in Fig. 3(f). Furthermore, the simulated
scattered acoustic pressure field distributions of cases 1–4
in the x-o-z plane are presented in Figs. 3(g)–3(j), to
demonstrate that the scattering beams can be steered to the
predesigned directions. Meanwhile, a sample is fabricated
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(a) (b) (c) (d)

(e) (f)

(g) (h) (i) (j)

(k) (l) (m) (n)

FIG. 3. Simulated and exper-
imental results for a single
scattering beam shift. (a)–(d)
Coding patterns and correspond-
ing 3D simulated scattering
patterns for cases 1–4. (e),(f)
Corresponding 2D simulated
scattering patterns of cases 1–4
in the x-o-z plane. (g)–(j) Cor-
responding simulated scattered
acoustic pressure field distribu-
tions and (k)–(n) measured results
of cases 1–4 in the x-o-z plane.
Measured areas are confined to
the red dashed boxes.

and tested for comparison. Due to the instrument and
site restrictions, only the near-field distributions can be
measured in our home-built system. To generate the inci-
dent acoustic waves, a planer speaker (Panphonics SSHP
60 × 20) is used to generate a plane wave at 4600 Hz,
which is driven by a power amplifier (Panphonics AA-
160e) controlled by a dynamic signal acquisition module
(NI USB-4431). A microphone with a diameter of 0.25 in.
(BSWA MPA 416) is mounted on a motor with a step of
5 mm (approximately 1/15 wavelength at 4600 Hz) and
used to measure sound within an area of 640 × 300 mm2.
Photographs of the sample and a detailed experimental
setup can be found in Sec. V. The corresponding mea-
sured results for cases 1–4 are shown in Figs. 3(k)–3(n).
No significant difference between the simulated and mea-
sured results can be discovered. Consequently, scattering
beams with different deflection angles can be con-
trolled easily in the elevation plane by performing a
convolution operation on the proposed tunable acoustic
metasurface.

In addition to the adjustment in the elevation plane, the
convolution operation can also be used to realize the rota-
tion of scattering patterns in the azimuthal direction. In
particular, by adding two coding sequences with gradient
phases along the x and y directions, the scattering beams
can scan in a cutting plane with arbitrary azimuthal angles.
Here, the elevation angle θ and azimuthal angle ϕ of the
scattering beams can be calculated as follows [39]:

θ = sin−1
(√

sin2θ1 ± sin2θ2

)
,

ϕ = tan−1
(

sin θ2

sin θ1

)
,

(3)

where θ1 and θ2 denote the elevation angles of the two
original coding sequences with gradient phases along the x
and y directions, respectively. To prove this principle, two
cases are proposed in Appendix D to illustrate that scat-
tering beams can be shifted to the predesigned elevation
and/or azimuthal angles.

Consequently, scattering beams can be steered to the
predesigned directions in the upper-half space, not only
in the elevation direction, but also in the azimuthal
direction by performing the convolution operation on
the proposed tunable acoustic metasurface. The available
deflecting angles of the acoustic metasurfaces are calcu-
lated as shown in Appendix E. According to the analysis
in Appendix E, it is clear that the deflecting angles are no
longer limited to a few values and can cover almost all
areas in the upper-half space by performing the convolu-
tion operation of only four coding digits.

IV. ADDITION OPERATION ON THE ACOUSTIC
METASURFACE

In Sec. III, with the aid of the convolution opera-
tion, scattering beams can be steered in the predesigned
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direction. However, the realization of dynamic and inde-
pendent control of multibeams within a single aperture
is rather difficult in the acoustic region, whereas combin-
ing multiple functions into a single acoustic metasurface
can significantly reduce the system complexity, making
it convenient to realize system integration and miniatur-
ization. Fortunately, the addition operation proposed by
Wu et al. has been demonstrated to achieve the flexi-
ble superposition of several functions of EM metasurfaces
[40]. However, the addition operation is not applied to the
acoustic region. Therefore, it can be a meaningful method
for designing multifunctional acoustic metasurfaces.

To illustrate the principle of the addition operation,
complex coding digits are presented, which relate to the
complex phase ej ϕ and involve entire phase information of
acoustic waves. In particular, after the addition operation
of two complex coding digits, a complex coding digit can
be achieved and expressed as follows [40]:

Aej ϕ0 = ej ϕ1 + ej ϕ2 , (4)

where A and ϕ0 denote the magnitude and argument of the
latter complex coding digit, respectively. ϕ1 and ϕ2 denote

the arguments of the two original complex coding digits.
Using the vector superposition principle, the information
addition of two complex coding digits can be achieved.
Therefore, through the addition of two or more coding pat-
terns, the scattering patterns can be superposed together.
It is important to indicate that, when the complex coding
digits have reversed directions, the directions of the vec-
tor superposition results are anticlockwise. For instance,
1-bit complex coding digits additions 01 + 11 = 12 and
11 + 01 = 32 lead to different results. Notably, by adopting
the addition operation, arbitrary-bit complex coding digits
can be achieved with the 1-bit digits. A 3-bit coding meta-
surface is used in the following examples to exhibit these
phenomena, of which eight different colors are used to rep-
resent eight coding digits (0 1 2 3 4 5 6 7) with a gradient
phase of 45°.

To prove the above principle, we consider two complex
2-bit coding sequences, including sequence S1 (0 2 4 6 0 2
4 6) and sequence S4 (6 6 4 4 2 2 0 0). Single beams can be
achieved with the proposed acoustic metasurface encoded
with coding sequences S1 or S4, as shown in Figs. 3(a)
and 3(b). After the addition operation of the above coding
sequences along the x direction, a 3-bit coding sequence

(a) (b)

(c) (d)

(e) (f) (g)

(h) (i) (j)

x-o-z x-o-z y-o-z

FIG. 4. Simulated and exper-
imental results for the addi-
tion operation of two scattering
beams. (a),(b) Coding patterns
and simulated scattering patterns
for cases 5 and 6. (c),(d) Simu-
lated scattering patterns of case 5
in the x-o-z plane and case 6 in
the x-o-z and y-o-z planes. (e)–(g)
Simulated scattered acoustic pres-
sure field distributions of (e) case
5 in the x-o-z plane and (f),(g)
case 6 in the x-o-z and y-o-
z planes. (h)–(j) Corresponding
measured scattered acoustic pres-
sure field distributions of cases 5
and 6. Measured areas are con-
fined to the red dashed boxes.
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can be obtained in Fig. 4(a), which is named as case 5.
Notably, the subscripts on the coding digits are omitted in
the coding sequences in Figs. 4(a) and 4(b). Meanwhile,
the scattering patterns of case 5 are illustrated in Fig. 4(a),
showing two scattering beams in the x-o-z plane, which
are the superposed scattering beams of coding sequences
S1 and S4. From the 2D scattering patterns (in the x-
o-z plane) shown in Fig. 4(c), two scattering beams at
−7.7° and 14.8° are observed, which are approximately
equal to the deflection angles of cases 1 and 2, respec-
tively, in Fig. 3(e). The scattering pattern of case 5 verifies
that scattering beams with different deflection angles can
be superposed together with little interference through the
proposed strategy. Finally, the scattering acoustic pressure
field distributions of case 5 are also provided in Figs. 4(e)
and 4(h), and the measured results correspond with the
simulated results, further verifying this principle.

Similarly, scattering beams in different azimuthal direc-
tions can also be superposed by utilizing this method. In
Fig. 4(b), a double-beam pattern can be achieved by adding
the corresponding coding patterns. Figure 4(b) demon-
strates the addition operation result (case 6) of the 2-bit
coding sequences S1 (0 2 4 6 0 2 4 6, along the x direction)

and S2 (0 0 2 2 4 4 6 6, along the y direction). The complex
3-bit coding sequence can achieve a complex scattering
pattern, which is the superposition of the scattering pat-
terns of coding sequences S1 and S2 along orthogonal
directions [Fig. 4(b)], whereas the deflecting angles of the
scattering beams with respect to the z axis are the same
as those of cases 1 (in the x-o-z plane) and 2 (in the
y-o-z plane). It is clear that the measured results [Figs. 4(i)
and 4(j)] have excellent correspondence with the simulated
results [Figs. 4(f) and 4(g)]. Through the above analysis,
the scattering patterns of different coding sequences can
be superposed along different directions via the addition
operation, resulting in significant enhancement of the abil-
ities of the proposed acoustic metasurfaces in regulating
acoustic waves.

To illustrate the more powerful ability of the addi-
tion operation in generating more liberal scattering pat-
terns, four scattering beams in the directions of ϕ =
0◦, 90◦, 180◦, and 270◦ and three scattering beams in the
directions of ϕ = 0◦, 90◦, and 180◦ are further produced
in Fig. 5. The former is the addition operation result of
two identical 1-bit coding sequences S6 (0 4 0 4 0 4 0
4) along the x and y directions, respectively, whereas the

(a) (b)

(c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

x-o-z y-o-z x-o-z y-o-z

FIG. 5. Simulated and experi-
mental results of four and three
scattering beams by the addi-
tion operation. (a),(b) Coding pat-
terns and corresponding simu-
lated scattering patterns for cases
7 and 8. (c),(d) Simulated scatter-
ing patterns of cases 7 and 8 in
the x-o-z and y-o-z planes. (e)–(h)
Simulated scattered acoustic pres-
sure field distributions of (e),(f)
case 7 and (g),(h) case 8 in the x-
o-z and y-o-z planes. (i)–(l) Cor-
responding measured scattered
acoustic pressure field distribu-
tions of cases 7 and 8 in the x-o-z
and y-o-z planes. Measured areas
are confined to the red dashed
boxes.
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latter is generated by the addition operation of the 1-bit
coding sequence S6 (0 4 0 4 0 4 0 4) and 2-bit coding
sequence S1 (0 2 4 6 0 2 4 6) along the x and y direc-
tions, respectively. Here, two cases are referred to as case
7 and case 8. Because coding sequence S6 can gener-
ate two symmetrical scattering beams, after the addition
operation, four scattering beams can be obtained in case
7 [Fig. 5(a)]. In Fig. 5(c), we can further observe that all
deflecting angles of the four scattering beams (in the x-o-z
planes and y-o-z planes) with respect to the z axis are 30°,
which is nearly the same as that in theoretical calculations
(29.8°). The simulated and measured scattered acoustic
pressure field distributions in the x-o-z and y-o-z planes are
shown in Figs. 5(e), 5(f), 5(i), and 5(j), and the results are
highly consistent. We continue to explore the additive cod-
ing sequence of case 8. Two symmetrical scattering beams
in the x-o-z plane and a single scattering beam in the y-o-z
plane are shown in Fig. 5(b). Notably, the deflection angles
of the obtained scattering beams [Fig. 5(d)] are approxi-
mately the same as those of the original coding sequences
S6 and S1. Furthermore, the simulated scattered acoustic
pressure field distributions of case 8 in the x-o-z and y-o-z
planes [Figs. 5(g) and 5(h)] and the corresponding mea-
sured results [Figs. 5(k) and 5(l)] are also provided to prove
the proposed principle, owing to the small difference.

Based on the proposed mathematical operations, the
arbitrary shift and superposition of scattering beams can
be achieved. To further expand the performance, we com-
bine the convolution operation with the addition operation.
Thus, multibeam scattering can be obtained and each scat-
tering beam can be controlled independently; thus, the
versatility of the proposed tunable acoustic metasurfaces
is significantly expanded (see Appendix F).

V. EXPERIMENTAL VERIFICATION

To verify the feathers of the proposed tunable acous-
tic metasurface, a sample is fabricated that consists of
8 × 8 programmable elements. Figures 6(a) and 6(b) show
photographs of the sample, including the tunable acoustic
metasurface, the corresponding motor array, and the con-
trol system. The aluminum alloy and nylon are adopted to
prepare the perforated plate and plungers, respectively. The
experiment is conducted in a 3D open space. The acoustic
pressure field distributions are recorded on a home-built
near-field mapping system, and the experimental setup is
shown in Fig. 6(c).

The total and incident acoustic fields are measured using
the experimental setup with and without the acoustic meta-
surface. By subtracting the incident acoustic fields from
total acoustic fields, scattered acoustic field distributions
can be obtained, as shown in Figs. 3–5. The excellent cor-
respondence between the simulation and measured results
indicates that the proposed tunable acoustic metasurface

(b)(a)

(c)

FIG. 6. (a) Photographs of the proposed tunable acoustic meta-
surface and (b) motor array with the corresponding control
system. (c) Schematic of the experimental setup for measure-
ments.

can achieve the designed functions. The small discrep-
ancies between the simulated and measured results can
be attributed to the displacement error of plungers and
imperfect plane waves.

VI. CONCLUSION

We design, fabricate, and experimentally demonstrate
a tunable acoustic metasurface that can flexibly achieve
3D wave manipulations by efficiently changing the inner
structure of elements. By gradually modifying the cav-
ity size of the basic element, with the help of a motor,
the reflection phase can be tuned continuously. In addi-
tion, to obtain diverse scattering patterns, while flexibly
controlling them, the convolution operation and addition
operation are applied to acoustic regions. Based on the
tunable acoustic metasurface, versatile wave-manipulation
functions, including shifting the scattering beams to the
predesigned direction and superimposing the scattering
beams with different functions, are demonstrated numeri-
cally and experimentally. The measured results have excel-
lent correspondence with the simulated results. Compared
with previous tunable acoustic metasurfaces or metama-
terials [33–35,43], the proposed acoustic metasurface can
efficiently and continuously control the phase of reflected
waves, thus achieving a variety of scattering patterns. In
addition, if the operating speed of the motors can be suf-
ficiently high and each unit cell can be independently
controlled by external motors, the acoustic properties of
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the proposed metasurface can be adjusted in time, and it
can serve as a time-modulated system. As a result, it is
reasonable to expect that the proposed tunable metasur-
face can be employed to implement intelligent devices
with customized functionalities, such as acoustic informa-
tion processing [44], acoustic communication [45], acous-
tic levitation [46,47], and acoustic space-time modulation
[48,49].
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APPENDIX A: ANALYTICAL DERIVATION OF
THE REFLECTION PHASE ϕ OF THE UNIT CELL

FOR NORMALLY INCIDENT WAVES

As shown in Fig. 7(a), the unit cell of the tunable acous-
tic metasurface can be divided into four regions (regions
I, II, III, and IV) with different cross sections. The regions
have different acoustic impedances. In Fig. 7(b), pi and pr
represent the incident wave and reflected wave in region
I, respectively. pit and pir represent the transmitted and
reflected waves in the ith region (i = 2, 3, 4). Here, region

(b)

(a)

FIG. 7. Analytical model: (a) 2D schematic of the unit cell,
which can be regarded as a four-layer structure with different
acoustic impedances. (b) Analytical equivalence of the four-layer
structure.

IV is considered to be infinitely long; thus, there are no
reflected waves. Similar to the unit cell in Fig. 2(a), the
widths of regions II and III are h1 and h2, respectively.
The acoustic pressures and normal component of particle
velocities in regions I to IV can be expressed as follows:

pi = piaej (ωt−kx), pr = praej (ωt+kx),

vi = viaej (ωt−kx), vr = vraej (ωt+kx),
(A1)

p2t = p2taej (ωt−kx), p2r = p2raej (ωt+kx),

v2t = v2taej (ωt−kx), v2r = v2raej (ωt+kx),
(A2)

p3t = p3taej [ωt−k(x−h1)], p3r = p3raej [ωt+k(x−h1)],

v3t = v3taej [ωt−k(x−h1)], v3r = v3raej [ωt+k(x−h1)],
(A3)

p4t = p4taej [ωt−k(x−h1−h2)],

v4t = v4taej [ωt−k(x−h1−h2)],
(A4)

where pia, pra, pita, and pira and via, vra, vita, and vira denote
the amplitudes of the acoustic pressures and normal com-
ponent of the particle velocities in the respective regions;
ω is the angular frequency; and k is the wave number in
air. Meanwhile, boundary conditions at the three interfaces
between the four regions can be expressed as follows:

pia + pra = p2ta + p2ra,

S1(pia − pra) = S2(p2ta − p2ra),
(A5)

p2tae−jkh1 + p2raejkh1 = p3ta + p3ra,

S2(p2tae−jkh1 − p2raejkh1) = S3(p3ta − p3ra),
(A6)

p3tae−jkh2 + p3raejkh2 = p4ta,

p3tae−jkh2 − p3raejkh2

Z0
= p4ta

Z1
,

(A7)

where, S1, S2 and S3 denote the cross-section areas of
regions I, II, and III, respectively. Z0 = ρ0c0 denotes the
impedance of air (ρ0 and c0 are the density and speed
of sound in air, respectively). Z1 denotes the impedance
of region IV. Because the materials of unit cells can be
considered as acoustically rigid, Z1 is much larger than Z0.

Therefore, by employing Eqs. (A5)–(A7), we obtain the
following relations of the acoustic pressure component
between neighboring regions:

[
p2ta
p2ra

]
= M1

[
pia
pra

]
, (A8)
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[
p3ta
p3ra

]
= M2

[
p2ta
p2ra

]
, (A9)

[
p4ta
0

]
= M3

[
p3ta
p3ra

]
, (A10)

where

M1 = 1
2

(
1 + S21 1 − S21
1 − S21 1 + S21

)
, (A11)

M2 = 1
2

[
(1 + S32)e−jkh1 (1 − S32)ejkh1

(1 − S32)e−jkh1 (1 + S32)ejkh1

]
, (A12)

M3 = 1
2

[
(1 + Z01)e−jkh2 (1 − Z01)ejkh2

(1 − Z01)e−jkh2 (1 + Z01)ejkh2

]
. (A13)

Here, S21 = (S1/S2), S32 = (S2/S3), and Z01 =
(Z1/Z0) � 1.

Finally, by using the transfer-matrix method, the overall
matrix can be expressed in the following form:

M = M3M2M1 =
[

m11 m12
m21 m22

]
, (A14)

where

m21 = (1 − Z01)(1 + S32)(1 + S21)e−jk(h1+h2)

+ (1 + Z01)(1 − S32)(1 + S21)ejk(h2−h1)

+ (1 − Z01)(1 − S32)(1 − S21)ejk(h1−h2)

+ (1 + Z01)(1 + S32)(1 − S21)ejk(h1+h2), (A15)

and

m22 = (1 − Z01)(1 + S32)(1 − S21)e−jk(h1+h2)

+ (1 + Z01)(1 − S32)(1 − S21)ejk(h2−h1)

+ (1 − Z01)(1 − S32)(1 + S21)ejk(h1−h2)

+ (1 + Z01)(1 + S32)(1 + S21)ejk(h1+h2). (A16)

The reflection coefficient, r, can be obtained from the
elements in M as follows:

r = m21

m22
= −(1 + S32)[S21 cos(kh) − j sin(kh)] + (1 − S32)[S21 cos(kh′) − j sin(kh′)]

(1 + S32)[S21 cos(kh) + j sin(kh)] − (1 − S32)[S21 cos(kh′) + j sin(kh′)]
, (A17)

where h = h1 + h2 and h′ = h1 − h2.
Correspondingly, the phase, ϕ, of the reflection coeffi-

cient can be obtained as follows:

ϕ = arg(r). (A18)

The analytical result of the reflection phase ϕ calculated
from Eq. (A18) is shown in Fig. 2(b). It is easy to see that
the analysis results and the simulation results are almost
identical.

APPENDIX B: SIMULATION METHOD AND
MATERIAL PARAMETERS

The commercial software package COMSOL Multi-
physics 5.2a, with the pressure acoustics module, is uti-
lized to calculate the reflection phases of unit cells and
near-field as well as far-field acoustic pressure distri-
butions of the proposed tunable acoustic metasurface
encoded with different coding sequences. The background
medium is air, and the material of the unit cell is aluminum
alloy, except for the movable plunger with nylon at the

bottom. The material parameters of the unit cells and back-
ground media are listed in Table II. The walls of the
unit cell can be viewed as acoustically rigid because the
impedances of aluminum alloy and nylon are much larger
than that of air. To obtain the reflection phase, a plane wave
is incident along the −z direction, and periodic bound-
ary conditions are near the unit cell. Additionally, in the
process of simulating the near-field and far-field acoustic
pressure distributions, perfectly matched layers are added
near the metasurface to reduce unnecessary reflections, and
a plane wave is incident along the −z direction with a 1 Pa
amplitude.

TABLE II. Material parameters of unit cells and air.

Name Density (kg/m3) Sound velocity (m/s)

Air 1.29 343
Aluminum alloy 2730 6340
Nylon 2600 1120
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FIG. 8. Simulated reflection phase spectra of the unit cell
between 4000 and 6000 Hz, when h is varied from 5 to 31.9 mm.

APPENDIX C: EFFECT OF THE OPERATIONAL
FREQUENCY ON THE REFLECTION PHASES OF

THE UNIT CELL

The reflection phases of the unit cell between 4000 and
6000 Hz are simulated in Fig. 8. It is clear that, as h
increases from 5 to 31.9 mm, the phase differences remain
approximately unchanged. Meanwhile, the geometry of
the unit cells can be changed to maintain a reasonable
reflection phase at other operational frequencies. From the
results, we can conclude that the proposed metasurface can
achieve similar functions to those in Figs. 3–5 within a
broad operational bandwidth.

APPENDIX D: ROTATION OF SCATTERING
BEAMS IN THE AZIMUTHAL DIRECTION

To prove that scattering beams can be rotated in the
azimuthal direction, two cases are proposed to illustrate
that a single scattering beam and double scattering beams
can be rotated to the predesigned azimuthal angles. In par-
ticular, the first case shows that a single scattering beam
can be rotated in the azimuthal direction when adding 2-
bit coding sequences S2 (0 0 1 1 2 2 3 3) along the x
direction and S1 (0 1 2 3 0 1 2 3) along the y direction
[Fig. 9(a)]. Thereafter, the corresponding 3D scattering
pattern can confirm the rotation of the scattering beam
[Fig. 9(c)]. Meanwhile, for Eq. (3), the theoretical coordi-
nates of the scattering beam are θ = 16.1◦ and ϕ = 63.4◦
in the angular coordinate, which is consistent with the
simulated results in Fig. 9(e). The second case shows
that double scattering beams can be shifted by a certain
angle in 3D space when adding the coding sequences S6
(0 2 0 2 0 2 0 2) with S1 (0 1 2 3 0 1 2 3) along
the x and y directions, respectively [Fig. 9(b)]. Accord-
ing to the generalized Snell law, reflected waves of the
metasurface encoded with coding sequence S6 propagate
along two symmetrical directions in the x-o-z plane. Addi-
tionally, after adding coding sequences S6 and S1, the
double scattering beams can be shifted to another direction.

(a)

(c) (d)

(e) (f)

(b)

+ +

FIG. 9. Coding patterns and corresponding 3D and 2D scatter-
ing patterns to demonstrate the rotation of scattering beams in
the azimuthal direction. (a) Schematic of rotating a single scat-
tering beam with adding coding sequences S2 and S1 along x
and y directions, respectively. (b) Schematic of rotating double
scattering beams with adding coding sequences S6 and S1 along
the x and y directions, respectively. (c),(d) Corresponding 3D
scattering patterns and (e),(f) 2D scattering patterns of two cases.

The theoretical coordinates of the double scattering beams
are θ = 33.8◦, ϕ = 26.4◦ andθ = 33.8◦, ϕ = 153.5◦. The
simulated 3D and 2D scattering patterns in Figs. 9(d),
and 9(f) confirm the theoretical results. Through the cases
in Figs. 3 and 9, it is clear that scattering beams can scan in
the entire upper-half space with high resolution, not only in
the elevation direction, but also in the azimuthal direction.

APPENDIX E: QUANTITATIVE CALCULATIONS
OF THE ATTAINABLE DEFLECTION ANGLES IN

THE ELEVATION AND AZIMUTHAL PLANE

To verify the number of deflecting angles that can be
achieved using the proposed unit cell in Fig. 2(a), based on
Eq. (2), the attainable deflection angles θ of the scattering
beams in the elevation plane are calculated from the mod-
ulus of two 2-bit coding sequences with gradient phases
along the x direction first, as demonstrated in Fig. 10(a).
Here, the horizontal and vertical axes represent the num-
ber of repetitions of coding digits of coding sequences “0
1 2 3 0 1 2 3. . . .” For example, coding sequences S1 (0 1 2
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(a) (b)

FIG. 10. Quantitative calculations of attainable deflecting
angles in the elevation and azimuthal planes. (a) Calculated
deflecting angles in the elevation plane obtained from the mod-
ulus of two 2-bit coding sequences along the x direction. Hor-
izontal and vertical axes represent the number of repetitions M
and N of the coding digits of two coding sequences, and minus
sign indicates the coding sequence is reversed. (b) Calculated
deflecting angles in the entire upper-half space obtained from the
modulus of arbitrary two 2-bit coding sequences along the x and
y directions. θ and ϕ are the elevation angle and the azimuthal
angle of the scattering beams, respectively. Red dots represent
deflecting angles that can be achieved by the proposed tunable
acoustic metasurface.

3 0 1 2 3) and S2 (0 0 1 1 2 2 3 3) represent the situations
of M = 3 and N = 6. The minus sign indicates that the
coding sequence is reversed. As illustrated in Fig. 10(a),
when the repetitions of coding digits increase from −12
to 12, the range of deflection angles is from 0° to 90°,
except for some large angles, which is caused by a certain
size of the period of unit cells. However, as multiple cod-
ing sequences with different repetition numbers are added
along the same direction, the deflection angles can cover
almost each angle from 0° to 90°.

To further demonstrate the deflecting-angle distributions
of a single beam in the entire upper-half space, accord-
ing to Eq. (3), two arbitrary 2-bit coding sequences in
Fig. 10(a) are selected to add together along the x and y
directions, respectively, to form a different sequence. The
deflecting angles of the corresponding scattering beams
can cover almost all areas in the upper-half space, as shown
in Fig. 10(b). Notably, the red dots represent the deflec-
tion angles that can be achieved by the proposed tunable
acoustic metasurface in Fig. 1 (M , N = 0, ±3, ±6).

APPENDIX F: MULTIBEAM SCATTERING IN
ARBITRARY DIRECTIONS BY THE
COMBINATION OF ADDITION AND

CONVOLUTION OPERATIONS

When the addition operation of complex coding
sequences is combined with the convolution opera-
tion, multibeam scattering in arbitrary directions can be
obtained. Different from the rotation of the double scat-
tering beams in Fig. 9 by the convolution operation, each

(a)

(c)

(b)

FIG. 11. Simulated results of multibeams scattering in arbi-
trary directions by the combination of the addition operation
and the convolution operation. (a) Coding pattern. (b),(c) Cor-
responding 3D and 2D scattering patterns.

scattering beam can be controlled independently. First, two
2-bit coding sequences with different scattering patterns
can be produced by the convolution operation, which are
named as coding sequences C1 and C2. In particular, 2-bit
coding sequence C1 is produced by the convolution oper-
ation of the 2-bit coding sequences S1 (0 2 4 6 0 2 4 6)
and S2 (0 0 2 2 4 4 6 6) along the x and y directions,
respectively. Similarly, another 2-bit coding sequence, C2,
is produced by the convolution operation of 2-bit coding
sequences S4 (6 6 4 4 2 2 0 0) along the x direction and
S7 (6 4 2 0 6 4 2 0) along the y direction. Based on the
principle of the convolution operation, coding sequences
C1 and C2 can achieve a single scattering beam with
different deflection angles in azimuthal directions. Conse-
quently, after the addition of complex coding sequences
C1 and C2, a 3-bit coding sequence is produced, as shown
in Fig. 11(a). When two convoluted coding sequences are
superposed together by the addition operation, it is clear
that double scattering beams can be produced, where each
scattering beam is controlled independently by the original
2-bit coding sequences C1 and C2 [Fig. 11(b)]. Based on
Eq. (3), the coordinates of the scattering beams of the final
3-bit coding sequence in Fig. 11(b) are θ1 = 16.1◦, ϕ1 =
26.7◦ and θ2 = 16.1◦, ϕ2 = 243.4◦ in the angular coordi-
nate. The results are shown by the 2D scattering pattern in
Fig. 11(c).
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