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Passive acoustic wave manipulations are severely constrained by the narrow frequency bandwidth of acoustic metastructures. In this
research, we propose an unprecedented type of reconfigurable acoustic metascreen for broadband manipulations of transmitted acous-
tic waves. The conceived structure is composed of uniquely designed unit cells producing the modulation of the transmitted phase
shift within the full 2π range with an excellent impedance matching with the background medium. By rationally arranging the re-
configurable elements within the metascreen based on the corresponding parameter profile, different phenomena and functionalities
can be easily realized. As examples, acoustic focusing and acoustic bending are presented to showcase the performance of the pro-
posed metascreen. We indeed numerically and experimentally demonstrate the ultra-broadband and reconfigurable features of our
concept over an astonishing frequency range extending from 3 to 17 kHz, which covers the majority spectrum of the audible range of
human hearing. Our work provides a unique and remarkable conceptual design of acoustic metascreen opening a promising and prag-
matic route to conceive compact broadband acoustic devices, where wavefront manipulations on broadband sound signals or pulsed
signals are required.

1 Introduction

Precise control of propagating acoustic waves is critical in acoustic research and finds many applications
such as medical imaging/therapy, noise control, and acoustic communications. Conventional methods
usually use natural materials with some specific acoustic properties, which could modulate the phase of
propagating waves gradually, and in turn, manipulate the sound wavefront. However, the inherent bulky
size and irregular geometry of conventional acoustic structures are inconvenient in many situations, and
therefore, limit their applications. Another common method would be using active phased array sys-
tems. The phase of each transducer within the phased array must be tuned individually, which will in-
evitably cause complexity and a high cost for the working system.
In the past decade, wavefront manipulations based on compact passive structures, so-called acoustic meta-
materials, have attracted increasing interest. Acoustic metamaterials and metasurfaces can provide addi-
tional phase shifts and in hence can manipulate acoustic wavefronts directly based on Fermat’s principle.
[1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17] Great efforts have been made in regard of the devel-
opment of acoustic metamaterials and metasurfaces, and extraordinary acoustic phenomena have been
realized such as negative refraction or reflection, [18, 19] acoustic one-way propagation, acoustic cloak-
ing, [20] acoustic imaging, [21] acoustic hologram, [22, 23] and vortex field generation. [24]
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Figure 1: (a) Illustration of a single element in x-y plane. (b) The transmission rate |pt/pi| (the red dots) and phase shift
(the black solid line) of the simulated field at the frequency of 5700Hz. Inset: the patterns of transmitted acoustic pressure
field of the eight elements, corresponding to the eight black dots in the black solid curve of the phase shift.

Although significant progress has been made in the study of acoustic metamaterials, the current struc-
tures are still restricted by the unicity of working frequency. In addition, in most cases, the structure
sample is fabricated as a whole piece, which is applicable only to a single function and cannot be recon-
figured. These deficiencies cannot fulfill the application requirements for flexible and complex acoustic
field manipulations within a broad frequency band. In recent years, great effort has been made in regard
to the reconfigurable acoustic metamaterials of different forms, [25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35,
36] which provides inspiring ideas to solve the limitation of unchangeable structures. There are also few
studies focusing on broadband sound manipulations. [37, 38, 39] However, they either only work for re-
flected waves [4, 9, 39, 40] or on a narrow frequency range. Hence, flexible and broadband transmitted
wave manipulations using reconfigurable acoustic metastructure are still highly desired.
In this paper, we propose a new type of reconfigurable acoustic metascreen for the broadband manipu-
lation of transmitted acoustic waves. The reconfigurable acoustic structure consists of a straight channel
as a base decorated with a series of length-varying straight barriers as pluggable elements. The structure
proposed here is unique and very simple, capable to fully modulate the transmitted phase shifts within
2π span while keeping a high transmission rate. With the advantage of simple design and easy fabrica-
tion, the metascreen could manipulate the transmitted wavefront precisely and flexibly within a remark-
able ultra-broadband frequency range. The working frequency band from 3 to 17 kHz covers a large part
of the audible range of human hearing, which outperforms most of the previous works due to the novel
geometry design and the different physical mechanisms of this work. The conceived structure here pro-
vides us the flexibility to re-arrange the reconfigurable elements within the metascreen based on the cor-
responding parameter profile so that different phenomena and functionalities can be easily realized. To
showcase the performance of our metascreen, the phenomena of acoustic focusing and acoustic bending
are demonstrated as examples, where the simulated and experimental results are consistent with the ex-
pectations, and also proving the reconfigurable and ultra-broadband features of the metascreen. Our re-
search opens a promising avenue to design and develop simplified ultra-broadband acoustic devices based
on metamaterials for real applications.
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Figure 2: (a) Phase shift and (b) transmission rate |pt/pi| when varying the frequency f and the geometry parameter d/D.

2 Results

2.1 Ultra-broad band transmissive metascreen: model and design

A single element of the acoustic metascreen proposed here is illustrated in Fig. 1(a) as an example, where
the element with the width D is constructed by a straight channel decorated with a series of length-varying
straight barriers of the same thickness w. The total length of the structure is designed as L = 50 mm
and the width is D = 10 mm. The wall thickness of the whole structure is w = 0.5 mm. The opening
width d is varied to change the structure and in turn control the transmitted field.
To examine the dependence of the transmitted field on the geometrical parameters of the structure el-
ement, we numerically simulate the transmitted acoustic field through the structure. The incident fre-
quency is set to 5700 Hz, which corresponds to the wavelength of λ ∼ 60 mm. Numerical results of
the phase shift and corresponding transmission rate |pt/pi| of the transmitted sound field are shown in
Fig. 1(b), where pi and pt are the incident and transmitted sound pressures. From the results, the trans-
mitted phase shift (black solid line) can cover the span of 2π when varying the geometry parameter d/D,
while keeping the transmission rate (red dots) at a high level (>∼ −3 dB). This indicates that most of
the energy can pass through the structure, and the transmitted wavefront can be modulated at will.
To clearly illustrate the transmitted field, simulated phase fields for eight different types of elements are
shown in the inset in Fig. 1(b), where the phase shift of 2π range is covered with the interval of π/4.
The parameters d/D of the eight elements are 0.12, 0.15, 0.19, 0.25, 0.35, 0.48, 0.70, 0.90, respectively,
corresponding to the eight black points in Fig. 1(b).
We further examine the broadband property of the structure proposed here by varying both the geomet-
rical parameter d/D and the working frequency f of the incident sound waves. The corresponding re-
sults for the phase shift and the transmission rate in the parameter space (d/D, f) are shown in Fig. 2(a)
and (b), respectively. From the results, the tendency of the phase shift is quite similar within the major-
ity part of the audible range of human hearing while keeping the transmission rate at a high level. The
broadband property shown here indicates that the structure proposed can solve the narrow-band chal-
lenge encountered by some other structures, and realize desired acoustic phenomena in an ultra-broadband
frequency bandwidth.
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2.1 Ultra-broad band transmissive metascreen: model and design

Figure 3: Ultra-broadband acoustic focusing. (a) Continuous (black solid line) and discrete phase shift (red dots) and (b)
corresponding discrete geometry parameters for the phenomenon of acoustic focusing. (c) Sample photo of the metascreen.
(d-f) Measured and simulated intensity fields for acoustic focusing at the frequencies of 3800 Hz, 5800 Hz, and 9800 Hz.
(g-i) Measured and simulated intensity profiles in the transverse y direction near the focal regions. (j-l) Measured and sim-
ulated intensity profiles in the x direction near the focal regions.
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2.2 Acoustic focusing

2.2 Acoustic focusing

To illustrate the ultra-broadband performance of the structure proposed here, we first demonstrate the
phenomenon of acoustic focusing using the acoustic metascreen. The phase profile, Φ(y), on the interface
between the acoustic metascreen and the background medium should satisfy the generalized Snell’s law
of refraction, [18] i.e.,

sin θt − sin θi =
λ

2π

dΦ(y)

dy
(1)

where θi and θt are the incident and refraction angles, respectively.
For the acoustic focusing, the phase gradient along the metascreen dΦ(y)/dy varies with the spatial loca-
tion y, and the phase profile along the interface should satisfy [18]

Φ(y) =
2π

λ

[
(
√
y2 + f 2 − f) + (

√
y2 + x2

s − |xs|)
]
, (2)

where f is the focal length, and the second term within the square brackets characterizes the phase cor-
rection from a loudspeaker located at (xs, 0). The phase profile provided by the metascreen for acous-
tic focusing is shown in Fig. 3(a), where the black solid line indicated the continuous phase profile char-
acterized by Eq. (2) and the red points exhibits the discrete phases of 100 elements. Here, we choose
f = 0.5 m and xs = −0.35 m as an example. The corresponding geometry parameters of the metascreen
are shown in Fig. 3(b). The sample photo is shown in Fig. 3(c), where the acoustic metascreen consists
of a common base inserted by eight different types of elements (indicated by eight colors); see Inset in
Fig. 1(b). The metascreens for different functions and phenomena can be constructed by arranging the
eight types of elements based on the corresponding geometry profile and the number order.
In order to demonstrate the broadband property of the metascreen, we numerically simulate the acoustic
intensity field transmitted through the structure [Fig. 3(c)] within a wide frequency range. The simu-
lated sound intensity fields for three typical frequencies, i.e., 3800 Hz, 5800 Hz and 9800 Hz, are shown
in Fig. 3(d-f), respectively. It is clearly observed that the acoustic metascreen designed here can effec-
tively converge the transmitted energy to the focal point, which is x = 0.2 m, 0.55 m, and 0.38 m for the
three frequencies, 3800 Hz, 5800 Hz, and 9800 Hz, respectively. The acoustic energy in the other regions
is much weaker than that in the focal region. To confirm the broadband performance of the designed
acoustic metascreen, we measure the transmitted acoustic fields in the scan areas bounded by the red
rectangle boxes. The measured fields agree well with the simulated results, proving the ultra-broadband
features of the metascreen in our design.
To quantitatively examine the performance of the structure, the normalized intensity distributions along
the transverse y cross-section at the focal point are characterized in Fig. 3(g-i). The full widths at half
maximum height (FWHM) of the sound intensity for the three frequencies are 0.43λ, 0.59λ, and 0.51λ.
In addition, the normalized intensity distributions along the axial direction at y = 0 for the three fre-
quencies are shown in Fig. 3(j-l), where the lengths of the focal region are 1.55λ, 2.83λ, and 3.14λ. We
also compare the experimental profile of the intensity field (pluses) with the simulated ones (solid lines),
and both results show the excellent bandwidth of focusing effect obtained with our designed metascreen.
See Fig. 4 for the schematic diagram of the experimental setup.
The acoustic metascreen exhibits excellent performance for ultra-broadband acoustic focusing. However,
the focal intensity and the focal location vary with the working frequency. Figure 5 shows the location
and the corresponding intensity amplification at the focal point within the frequency range from 3 kHz
to 17 kHz, where the amplification is obtained by the transmitted intensity at the focal point divided
by the incident sound intensity. From the results, the focal location increases with frequency pseudo-
periodically, and the intensity amplification at the focal location is much larger than 1 within the ma-
jority part of the audible range of human hearing, which further confirms the excellent ultra-broadband
features of the acoustic metascreen proposed here.
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2.3 Acoustic bending

Figure 4: Schematic diagram of the experimental setup. The speaker is located at (−0.35 m, 0).

Figure 5: Numerical results of amplification and location of the focal point for different frequencies. Insets: simulated
acoustic intensity fields in the focal region for 3500Hz, 10500Hz, and 17000 Hz.

2.3 Acoustic bending

To examine the reconfigurable feature of the acoustic metascreen, we further demonstrate another phe-
nomenon, acoustic bending, using the acoustic metascreen. For an arbitrary trajectory y = y(x), the
phase gradient along the interface should satisfy [18]

dΦ(y)

dy
=

2π

λ

y′(x)√
1 + (y′(x))2

, (3)

where y′(x) is the slope of the trajectory y(x). The trajectory y =
√
r2 − (x− r)2 is chosen as an exam-

ple, which gives the phase profile along the metascreen,

Φ(y) =
2π

λ

[
(y − 2r

√
y/r) + (

√
y2 + x2

s − |xs|)
]
. (4)

The discrete phase profile for r = 0.35 m along the metascreen is shown in Fig. 6(a) with the corre-
sponding geometry parameters shown in Fig. 6(b). For this case, the acoustic metascreen is re-constructed
by re-arranging the reconfigurable elements based on the new profile and the new number order. The
corresponding sample photo is shown in Fig. 6(c).
To demonstrate the broadband property of the metascreen, we examine the acoustic intensity field trans-
mitted through the structure in Fig. 6(c) within a wide frequency range. The measured and simulated
sound intensity fields for the same three frequencies, i.e., 3800 Hz, 5800 Hz, and 9800 Hz, are shown in
Fig. 6(d-e), respectively, where the transmitted wave bends after passing through the structure as ex-
pected. Consequently, the ultra-broadband bending effect is also obtained with the proposed reconfig-
urable acoustic metascreen, and again confirms the ultra-broadband and reconfigurable features of our
designed metascreen.
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2.3 Acoustic bending

Figure 6: Ultra-broadband acoustic bending. (a) Continuous (black solid line) and discrete phase shift (red dots) and (b)
corresponding discrete geometry parameters of the metascreen for the phenomenon of acoustic bending. (c) Sample photo
of the metascreen. (d-f) Measured and simulated intensity fields for acoustic bending at the frequencies of 3800 Hz, 5800
Hz, and 9800 Hz.
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3 Conclusion

In this paper, a new type of reconfigurable acoustic metascreen for the manipulation of transmitted acous-
tic waves is proposed and demonstrated. The simple design of the metascreen consists of a straight chan-
nel as a common base decorated with a series of length-varying straight barriers as pluggable elements.
The structure here could fully modulate the transmitted phase shifts within 2π span while keeping a
high transmission rate (transmission loss less than 3dB). The designed metastructure can effectively ma-
nipulate acoustic waves at the frequency range extending 3 kHz to 17 kHz, which covers a large part of
the audible range of human hearing. Different functionalities have been demonstrated by arranging the
pluggable elements into the base following the corresponding phase profile. Acoustic focusing and acous-
tic bending are presented as examples to showcase the ultra-broadband and reconfigurable features of
the structure, proving that the metascreen can manipulate the transmitted wavefront within an ultra-
broadband frequency bandwidth. Our work paves the way for further research on broadband acoustic
metamaterials and can have real implications for applications in many domains including biomedical
acoustics, architectural acoustics, noise control, and so on.

4 Experimental Section

Numerical Simulations : The simulations were performed using commercial software based on the finite
element method, COMSOL MULTIPHYSICS with the “Acoustic-Thermoviscous Acoustic Interaction,
Frequency Domain.” The sound speed and the mass density of the structure are adopted as 2278 m s−1

and 1100 kg m−3 respectively with the corresponding parameters of the background medium, air, as 343 m s−1

and 1.21 kg m−3.

Fabrication: The common base and the eight different types of pluggable elements were fabricated us-
ing a commercial extrusion-based 3D printer (Wiiboox Four) with the material PLA of different colors.
The printing resolution is 0.1mm. The eight elements in the inset in Fig. 1(b) are shown from the top
view. The pluggable panels are stretched for 15 mm. These elements are plugged into the common base
in different orders based on different phenomena, for example, Fig. 3(b) for acoustic focusing and Fig. 6(b)
for acoustic bending.

Experimental Measurements : The experiments were carried out in a rectangular waveguide (Fig. 4).
The transmitted acoustic field is measured within a rectangular waveguide bounded by absorbing foams.
A loudspeaker with a diameter of 40 mm was fixed at the incident side of the sample at a distance of 3.5
cm. The speaker was connected to a signal generator (RIGOL DG1032) and a power amplifier (CROWN
XLi2500) to generate steady sound signals for different frequencies, and a 1/4-inch microphone is used to
measure the transmitted acoustic intensity field with a scanning resolution of 1 cm.
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