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Abstract: Molding the wavefront of acoustic waves into the 
desired shape is of paramount significance in acoustics, 
which however are usually constrained by the acoustical 
response of naturally available materials. The emergence 
of acoustic metamaterials built by assembling artificial 
subwavelength elements provides distinct response to 
acoustic waves unattainable in nature. More recently, 
acoustic metasurfaces, a class of metamaterials with a 
reduced dimensionality, empower new physics and lead 
to extended functionalities different from their three-
dimensional counterparts, enabling controlling, trans-
mitted or reflected acoustic waves in ways that were not 
possible before. In this review paper, we present a com-
prehensive view of this rapidly growing research field by 
introducing the basic concepts of acoustic metasurfaces 
and the recent developments that have occurred over the 
past few years. We review the interesting properties of 
acoustic metasurfaces and their important functionali-
ties of wavefront manipulation, followed by an outlook 
for promising future directions and potential practical 
applications.

Keywords: acoustics; metasurfaces; wavefront manipula-
tion; diffusers; energy absorption.

1  �Introduction
How to manipulate the wavefront of acoustic waves simply 
and efficiently is a key problem in acoustics and also the 
subject of many diverse areas. As representative examples, 
in high-intensity focused ultrasound therapy the acous-
tic energy must be converged into the target focal region 
with high precision for heating the tumor; in loudspeaker 
design or underwater communications various acoustic 
beams with special directivity need to be formed for deliv-
ering acoustic signals to far field. Due to the limitation in 
the acoustical properties provided by naturally available 
materials, however, wavefront engineering is still chal-
lenging and generally has to rely on fabricating materials 
of given refractive indexes into intricate shapes or using 
a large array of individually controlled active elements, 
such as the piezoelectric transducers with curved profile 
for producing high-intensity focused ultrasound or the 
large-sized array of sensors for underwater applications. 
In addition, control of acoustic waves of long wavelength 
with a compact device would be highly desirable in a great 
variety of important situations such as noise cancellation, 
yet is extremely difficult for existing technologies since 
classic theory of acoustics usually requires the device size 
and the wavelength to be comparable for giving rise to 
effective wave-structure interaction. This is evidenced by 
lots of everyday phenomena such as the sound absorptive 
wedges with large length used in anechoic chamber and 
the acoustic barriers that need to be bulky for shielding 
low-frequency sound and so on.

In the past two decades, considerable attention has 
been dedicated to metamaterials which first appeared 
in the field of electromagnetics [1–4] and were then 
extended to acoustics [5–8]. Metamaterials are artificial 
composite structures built by assembling a set of reso-
nant elements, with each being much smaller than the 
working wavelength and regarded as an artificial “atom” 
(or meta-atom), throughout a region of space. Due to 
the subwavelength scale of an individual meta-atom, 
the inhomogeneity of the array formed by them cannot 
be “seen” by the acoustic wave. As a result, these meta-
atoms, in the bulk, behave like a continuous medium 
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with unconventional acoustic bulk properties [9, 10]. By 
engineering the subwavelength microstructure of meta-
atoms, it is possible to achieve effective acoustical para-
meters (viz., effective mass density and effective bulk 
modulus) unattained with natural materials, e.g. single 
or double negative parameters [5–8, 11], near-zero para-
meters [12–14], and extremely anisotropic parameters [15–
20] for acoustic waves. With such extraordinary acoustic 
responses, acoustic metamaterials enable acoustic wave-
front manipulation at subwavelength scales and may lead 
to novel artificial bulk devices capable to produce many 
fascinating phenomena, including acoustic superlens and 
hyperlens for achieving resolution beyond the diffraction 
limits inherent in conventional lenses [21, 22], cloaks for 
making objects acoustically “invisible” by cancelling 
the scattered waves on its surface as impinged by acous-
tic waves [23–26] or for creating acoustic “illusions” by 
changing the spatial pattern of scattered field [27, 28].

In this context, a question seems to be natural: is it 
possible to freely modulate the wavefront of acoustic 
wave as it transmits through or is reflected by an interface 
between two media? It is expectable that such function-
ality of wavefront steering with a reduced dimension, if 
realized, would not only enable wave physics innately dif-
ferent from three-dimensional metamaterial systems but 
open doors to the design of novel functional devices with 
small footprint, planar profile, and low loss and promote 
their applications in various important scenarios. Unfor-
tunately, from the viewpoint of classic acoustics, the 
answer should be NO. It is well known that the reflection 
and refraction of acoustic waves is always governed by 
Snell’s law, which tells that the reflection and incidence 
angles are exactly equivalent and the ratio between the 
refraction angle and incident angle depends on the ratio 
between the refractive indexes of the two media, as we 
have long believed.

2  �Generalized Snell’s law 
and metasurface

In 2011, Yu et al. [29] have proven, both theoretically and 
experimentally, that by introducing abrupt phase shift as 
light traverses the interface between two media, we can 
revisit the classic law of reflection and refraction and 
attain a new degree of freedom for controlling the wave-
front. By designing a constant phase gradient along the 
interface, referred to as dΦ/dx, one can derive the gener-
alized Snell’s law from the Fermat’s principle for the inci-
dent wave at an angle θi, as follows
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where θt and θr are the angles of refraction and reflection, 
ni and nt are the refractive indexes of the two media at the 
incident and transmission sides, respectively, and λ0 is the 
free-space wavelength.

Such phase discontinuities were imprinted on propa-
gating light experimentally by using a two-dimensional 
array of optical resonators, denoted as “metasurface” 
for light, which modifies the boundary condition by the 
resonant excitation of antenna current. The generalized 
Snell’s law implies the possibility of arbitrarily manipulat-
ing the directions of reflected and refracted waves by mod-
ulating the phase gradient along the metasurface, which 
is achievable via adjustment of structural parameters of 
resonators. If there is no spatial gradient of propagation 
phase along the interface, Eq. (1) degenerates to the con-
ventional Snell’s law. It is noteworthy that metasurfaces 
are not necessarily of zero thickness; the constituent reso-
nators composing metasurfaces can have arbitrary shapes 
and a dimension required to be small only in terms of the 
working wavelength [30].

Despite the great potential possessed by the gener-
alized Snell’s law for light, the design of optical metas-
urfaces cannot be directly transplanted into acoustics, 
considering the inherent distinction between acoustic and 
electromagnetic waves. Optical metasurfaces have to be 
implemented by exploiting the plasmonic resonance that 
has no direct counterpart in acoustics so far [31–33]. In 
addition, the mechanism for designing optical metasur-
faces makes it difficult to shrink the thickness of resulting 
devices down to deep-subwavelength scale. Therefore, the 
realization of acoustic metasurfaces can be expected to 
have deep implication in the whole field of acoustics but 
needs to be based on the exploration of new mechanisms.

3  �Reflective-type acoustic 
metasurfaces

Considering the scalar nature of acoustic waves, they 
can propagate freely in a waveguide with subwave-
length cross-section in the absence of cut-off frequency. 
Figure 1A shows the schematic of a unit cell of space-coil-
ing type metamaterial with a width of a. In free space, the 
propagation distance of acoustic wave between points A 
and B is simply a. But in the presence of the labyrinthine-
like structure formed by coiling up space [35, 36], the 
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acoustic wave will be guided along the path marked by 
blue arrows after entering from the port near point A and 
eventually leave the system from port B, corresponding 
to a substantial elongation in the propagation distance 
without any change in the physical distance. Hence, such 
a labyrinthine-like air channel is equivalent to a straight 
channel filled with an effective medium of high refrac-
tive index (or low sound speed). Li et al. [34, 37] proposed 
the first theoretical model of acoustic metasurface for 
controlling reflected wavefront and then experimentally 
demonstrated a practical implementation (the photo of an 
experimental sample fabricated via 3D printing technique 
is shown in Figure 1B).

The proposed reflective-type acoustic metasurface is 
composed of an array of space-coiling type metamaterials 
with a closed end for reflecting all the incident acoustic 

energy back to the input port with an additional phase 
delay of ϕ = kL (k is the wave number in air and L is the 
propagation distance). This suggests that the phase shift 
of the reflected wave on the acoustic metasurface can be 
tailored by adjusting the total length of the coiled channel. 
Typical numerical results are depicted in Figure 1C, which 
shows the phase shifts of the reflected wave generated 
by an individual unit cell for different combinations of 
structural parameters at a particular driving frequency 
of 3430 Hz. It can be observed that by adjusting a single 
parameter of the thickness of each plate used for sealing 
the zigzag channel in such space-coiling structure, the 
reflected phase can vary smoothly within the full range 
of (0, 2π), which ensures the capability of shaping the 
wavefront for the incident acoustic wave illuminating the 
designed reflective-type metasurface. In Figure 1C, the (m, 
n) case means that there are m and n identical plates in 
the upper and lower boundaries in each unit cell, respec-
tively, and the eight dots mark the phase shifts of the eight 
unit cells in Figure 1B (numbered as 1–8) which are chosen 
to cover a 2π range with a step of π/4. Notice that the 
equivalent propagation distance can be further enlarged 
by increasing the values of m and n (viz., increasing the 
total length of zigzag channel by using more identical 
plates in the labyrinthine structure), which however, also 
reduces the width of the air channel and necessarily leads 
to more severe viscosity loss. Hence, in the experimental 
demonstrations, less zigzagged structures are employed 
for minimizing loss of energy, as well as facilitating the 
sample fabrication.

The eight unit cells serve as the basic building blocks 
of reflective-type acoustic metasurfaces. The principle for 
designing acoustic metasurface can then be divided into 
two steps: (1) Derive the desired spatial distribution of 
phase shift required for producing the target wavefront-
engineering phenomenon. For instance, for the purpose 
of designing a metasurface-based lens with planar surface 
and ultrathin thickness that can yield a focal spot located 
at (fx,0) = (0.3 m, 0 m), the equiphase surface should be the 
gray line shown in Figure 2A, and one can readily derive 
the phase profile that needs to be produced on the surface 
of acoustic metasurface:

2 2
0( ) ( ),xy k y f xφ = − + −

which is depicted in Figure 2B. (2) Based on the derived 
spatial phase distribution, discretize the continuous phase 
profile according to the dimension of basic building blocks 
and use a monolayer array of space-coiling metamaterial 
units, each of which is appropriately chosen from the eight 
units shown in Figure 1B to produce the required discrete 

Figure 1: Reflective acoustic metasurface by coiling up space.
(A) Schematic of space-coiling metamaterial units (left part) 
for mimicking a homogeneous effective medium with high 
refractive index. (B) Experimental sample of reflective-type 
acoustic metasurface (photo). (C) Simulated phase shift of 
metasurface units with different structural parameters (reprinted 
from Ref. [34]).
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phase at y, to compose the acoustic metasurface capable of 
manipulating the reflected wavefront as desired.

Figure 2C–E plot, respectively, the spatial distribution 
of acoustic pressure predicted theoretically by Green’s func-
tion theory (with the measured region being marked by the 

black box) and the numerical and experimental results of 
the pressure distribution in the measured region. The good 
agreement between these results clearly prove the capa-
bility of the designed acoustic metasurface to focus the 
incident acoustic energy into the predesigned spot despite 
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Figure 2: A planar and ultrathin lens for acoustic focusing.
(A) Schematic for deriving acoustic focusing by a planar and ultrathin lens. (B) The desired phase profile on the metasurfaces. (C) The 
pressure-field distribution predicted by Green’s function theory with the black box indicating the region within which the measurement is 
performed. (D) The numerical simulation of metasurface composed by labyrinthine units and (E) the experimental results of the pressure-
field distribution in the scanned region. (F, G) Acoustic pressure amplitude profiles (F) along the acoustic axis and (G) the radial direction in 
the focal plane (reprinted from Ref. [37]).
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its ultrathin thickness (~λ0/8) and planar profile, which is 
also quantitatively evaluated via the comparison between 
the simulated and measured results of acoustic pressure 
amplitude profiles along the acoustic axis and the radial 
direction in the focal plane shown in Figure 2F and G.

By resorting to the specific acoustic impedance inho-
mogeneity and discontinuity which is one of the acous-
tic properties easy to control in reality, Zhao et  al. [38] 
designed a planar surface with the special functionality of 
generating double reflections: the ordinary reflection and 
the extraordinary one whose wavefront is manipulated 
by the generalized Snell’s law of reflection, and propose 
a scheme for realizing the complex discontinuity of the 
impedance surface using Helmholtz resonators. Particu-
larly, it is proven that by adjusting the designed specific 
acoustic impedance, one can manipulate the extraordi-
nary reflection while switching “on” or “off” the ordinary 
reflection (Figure 3). Later they propose an acoustic flat 
metasurface for controlling the vibrational orientations 
of fluid particles and demonstrate a complete conver-
sion between two perpendicular vibrations by deviating 
the extraordinary reflection out of the incident plane. By 
using an array of straight tubes with properly designed 
lengths for implementing the designed scheme, they 
numerically show the out-of-incident-plane fluid-particle 
vibration and the arbitrary degree of freedom in direc-
tional manipulation along a 3D spatial angle.

Acoustic metasurfaces offer the possibility to 
manipulate reflected wavefront in ways unattainable 
in the nature, but their working bandwidths are inevi-
tably limited due to the fact that the resonant subunits 
only produce the desired phase response at the designed 
frequency; moreover, the transverse size of a supercell 
needs to be related to wavelength; the change of fre-
quency will unavoidably lead to different phase profiles. 
For tackling the problem of limited working bandwidth, 
Zhu et al. [39] proposed a scheme for designing a reflec-
tive metasurface capable of arbitrarily controlling the 
wavefront of reflected wave generated by it without band-
width limitation. Based on strict analytical analysis, they 
predict thepossibility to eliminate frequency dependence 
with a specific spatial gradient of phase shift, as sche-
matically shown in Figure  4A. A practical implementa-
tion of their design is demonstrated both numerically and 
experimentally by designing an array comprising sub-
wavelength corrugated unit cells whose depths are prop-
erly tuned according to the theoretical predictions, via 
distinct phenomena of extraordinary acoustic reflection 
(Figure 4B and C) and generations of planar focusing and 
non-diffractive beam within an ultra-broad band. The 
physics mechanism underlying this design is elucidated 
by developing a simple physical model which predicts 
the upper cutoff frequency precisely. Bearing the advan-
tages of nearly dispersion-free wave-steering capability 

Figure 3: A flat interface with an inhomogeneous specific acoustic impedance for controlling reflection.
(A) Schematic of generation of ordinary and extraordinary reflections by a flat interface with an inhomogeneous specific acoustic imped-
ance. (B) Suppression of ordinary reflection as the acoustic impedance is properly chosen. (C, D) Numerical results of the reflected pressure 
fields corresponding to cases (A) and (B) (reprinted from Ref. [38]).
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and deep discrete resolution, such a scheme may open a 
new avenue to the design and application of broadband 
acoustic devices.

4  �Transmission-type acoustic 
metasurface

In the design of reflective-type acoustic metasurface, it 
is quite easy to ensure a high efficiency, since a nearly 
perfect total reflection of incident acoustic energy always 
occurs provided that a rigid boundary is used and the 
width of air channels is sufficiently large to avoid viscos-
ity effect. When it comes to the manipulation of wavefront 
of transmitted acoustic wave, however, things become 
much different. A major difficulty lies in the fact that the 
transmission-type acoustic metasurfaces need not only to 
provide adjustable phase shift on the propagating wave 
but maintain a high transmission efficiency of acoustic 
energy. It is apparent that a low transmission coefficient 
means most of the acoustic energy is reflected back or 
absorbed when the incident wave traverses the designed 
metasurface, which will unavoidably diminish the effec-
tiveness of the metasurface-based acoustic devices and 
limit their application potentials in practice.

Essentially, the condition for producing a high trans-
mission efficiency for acoustic waves is to maintain the 
effective acoustical impedance, defined as the product of 
effective sound speed and effective mass density, match-
ing the surrounding medium within which the acoustic 
metasurface is immersed. From the above discussion, the 
manipulation of propagating phase is inherently equiva-
lent to the modulation of the effective sound speed (or 
effective refractive index) on acoustic metasurface. This 
means that only if the effective mass density and effective 
sound speed vary inversely can one achieve a high trans-
mission efficiency and full control over the propagating 
phase simultaneously. Obviously, such a requirement is 
not attainable with naturally available materials, in which 
the acoustic waves propagate faster as the mass density 
becomes larger. For instance, the mass density and sound 
speed are 1.21 kg/m3 and 343 m/s for air, 1000 kg/m3 and 
1500 m/s for water, and 7800 kg/m3 and 6100 m/s for steel. 
By utilizing natural materials, it would become impossi-
ble to keep a constant acoustical impedance when varying 
the sound speed.

This seeming paradox can only be resolved by pro-
posing acoustic metasurface units that provide unconven-
tional acoustical properties with vanishing thicknesses. 
Li et  al. [40] presented the theoretical design of a novel 
transmission-type metasurface composed of a monolayer 
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array of subwavelength-scale elements comprising four 
Helmholtz resonators and a straight pipe (as schemati-
cally illustrated in Figure 5A), experimentally fabricated 
a 3D-printed sample (as shown in Figure 5B), and demon-
strated its effectiveness. The width of an individual unit 
cell is h = λ0/10, and the overall thickness of the resulting 
metasurface is w = λ0/2.

The mechanism of such a design is that the series con-
nection of four Helmholtz resonators is used to provide 
phase shift covering the full 2π range to the transmitted 
acoustic wave, while the introduction of straight pipe 
is for supporting hybrid resonance and compensating 
impedance mismatch between the metasurface element 
and the surrounding air. Thanks to the coupling between 
the Fabry-Perot resonance in the straight pipe and the four 
resonating Helmholtz cavities, a near-unity transmission 
efficiency persists as we modulate the propagating phase 

fully and smoothly by adjusting a single parameter of 
h1, the height of straight pipe, as proved by the numeri-
cal results shown in Figure 5C (where the eight black 
dots mark the discrete phase shift provided by the eight 
unit cells employed in Figure 5B), in stark contrast to 
natural materials that cannot guarantee a tunable sound 
speed and matched acoustical impedance at the same 
time. Remarkably, the deep-subwavelength scale of such 
hybrid-structured unit, which can be 1 order of magni-
tude smaller than the working wavelength, helps to sub-
stantially improve the spatial resolution of phase profile, 
which is crucial for the production of high-quality and 
complicated acoustic field patterns.

The advantages of such kind of acoustic metasurface 
in terms of reliability and spatial resolution was demon-
strated by numerical simulations and experimental meas-
urements, via the generation of self-bending beams beyond 
the paraxial approximation, which is challenging due to the 
rapidly varying phase shift along the metasurface. The ideal 
phase profile required for forming a self-bending beam in 
the nonparaxial approximation is depicted by the black line 
in Figure 6A. By discretizing this phase profile and choosing 
from the eight unit cells shown in Figure 5B, a transmission-
type acoustic metasurface was built along the y direction. 
The numerical results shown in Figure 6B agree quite well 
with the measured data (Figure 6C), with both verifying that 
the cylindrical wave emitted from the source is modulated 
by the designed acoustic metasurface as desired, leading to 
a delivery of acoustic energy along the predesigned curved 
path after passing through the metasurface. A quantitative 
demonstration of the spatial distribution of sound pressure 
level in the propagation path is plotted in Figure 6C, which 
also shows a good agreement between the simulated and 
measured results and proves the effectiveness of the pro-
posed metasurface in modulating the transmitted wavefront 
to form complex acoustic fields.

Besides the above-mentioned mechanism based on 
hybrid resonance, many other types of transmission-type 
acoustic metasurfaces were also designed for realizing 
versatile wavefront-steering functionalities for transmit-
ted acoustic waves, such as by using the idea of coiling up 
space. Tang et al. [41] presented a design of metasurface 
structures that are made of spatially varied coiling-slit 
subunits and capable of serving as flat thin lens for anom-
alously deflecting the transmitted airborne sound. They 
proved numerically that by elaborately optimizing the 
geometries of subunits, the proposed scheme can produce 
high conversion efficiency over a broad range of frequen-
cies and incident angles, which is verified by the experi-
mental observation of redirected wavefronts agreeing well 
with theoretical predictions (Figure 7). Space-coiling-type 
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Figure 5: Design and implementation of transmission-type acoustic 
metasurface.
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metamaterials are also revised by Xie et al. [42] to have a 
taped labyrinthine configuration for producing different 
kinds of extraordinary wavefront engineering effects such 
as converting the propagating mode to evanescent surface 
mode and negative refraction (Figure 8). Recently, a novel 
helical-structured metamaterial was designed and experi-
mentally realized by Zhu et al. [43] for providing a disper-
sive-free high effective refractive index (Figure 9), based 
on a substantial reduction in the group velocity due to the 
wavefront revolution in the designed compact structures. 
By adjusting the helicity, the slowness of the acoustic 
wave propagation can be freely tuned. A thin metasurface 
was constructed by arranging different helical structure 
units with properly designed helicities to experimentally 

act as a beam shaper capable of transforming a normal 
incidence plane wave into a self-accelerating beam on the 
prescribed parabolic trajectory.

A special kind of wavefront is the so-called acous-
tic vortices that have spiral phase dislocations and carry 
orbital angular momentum, in comparison to the above-
mentioned ones with only linear momentum. Acoustic 
vortices have a spiral phase exp(imθ)with the carried 
orbital angular momentum being discretized with the 
integer m (referred to as topological charge or order of 
the beam), and possess very useful properties such as 
the capability of transferring the angular momentum to 
matter to produce a torque that can rotate tiny objects con-
tactlessly. However, conventional methods for generating 
acoustic vortices have to rely on phased spiral sources, 
which consist of an array of individually addressed trans-
ducers and need to be sophisticated and highly costly, or 
physically spiral sources with screw dislocated profiles 
that have to be bulky and unevenly shaped [44–47].

To address these issues, Jiang et al. [48] proposed a dif-
ferent scheme for generating acoustic beams with orbital 
angular momentum. Instead of relying on the θ depend-
ence in either the phase of incident wave field (such as 
by using the active phased arrays) or the propagation dis-
tance (such as by using structures with screw profiles), this 
mechanism straightforwardly produce the desired spiral 
phase of the outgoing wave by manipulating the effec-
tive wave number keff to become θ dependent. A metasur-
face was designed to demonstrate the performance of the 
mechanism both theoretically and experimentally via the 
generation of a first-order airborne vortex beam that has 
a smooth spiral phase and a Bessel-like profile, as shown 
in Figure 10. In comparison with the traditional ways for 
introducing orbital angular momentum, the acoustic res-
onance-based production of orbital angular momentum 
bears the unique advantages of high efficiency, compact 
size, and planar profile. It can therefore be expected that 
the use of acoustic metasurface provides a new way to 
control the orbital angular momentum of acoustic waves 
and may have deep implications in various applications 
such as rotation of objects by utilizing the rotational torque 
generated by acoustic vortices as demonstrated by Ye et al. 
[49] both numerically and experimentally.

5  �Applications of acoustic 
metasurfaces

Considering the key role played by the wavefront 
manipulation in the field of acoustics in general, it can 

Figure 6: Production of self-bending beam based on acoustic 
metasurfaces.
(A) Phase profile required for generating self-bending beam (black 
line: ideal continuous curve, red circles: discrete phase shift 
produced by 80 elements along the screen). (B) Simulated and 
measured sound pressure level. White circle: thedesired sound 
path. White dotted rectangular region: scanning region in experi-
ment. (C) Comparison of the simulated and measured results of the 
sound pressure level along the white-colored trajectory in (B) and 
(C) (reprinted from Ref. [40]).
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be expected that the recently emerged acoustic metas-
urfaces, as ultrathin and planar metamaterials with a 
reduced dimensionality, will open doors to a great variety 
of new promising applications and may even lead to revo-
lutionary changes in acoustic techniques by breaking 
through the fundamental limits in conventional ones that 
have to rely on the use of natural materials. Indeed, the 

Figure 7: Transmission-type acoustic metasurfaces by coiling up spaces.
(A) Experimental sample (photo). (B–D) Measured (upper panels) and simulated (lower panels) amplitude, temporal, and phase field distributions, 
respectively. The green arrows indicate the propagating wavefronts predicted by generalized Snell’s law (reprinted from Ref. [41]).

Figure 8: Acoustic metasurface based on taped labyrinthine 
structure.
(A) Fabricated taped labyrinthine unit cells (photo). (B) Measured 
near-field of the evanescent mode on the transmitted side for an 
incident angle of 25°. (C) Simulated and measured field pattern at 
45° for demonstrating the negative refraction. The white arrows 
indicate the forward phase propagation directions (reprinted from 
Ref. [42]).

Figure 9: Helical-structured metasurface for generating self-
accelerating beam.
(A) Fabricated helical-structured unit cell (photo). (B) The simulation 
demonstration of the self-healing properties of generated beam in 
which a rigid cylinder of diameter 4 cm is placed on the acoustic 
path. (C) The experimental results with the same-sized obstacle 
made of aluminum alloy (reprinted from Ref. [43]).

Unauthenticated
Download Date | 10/9/18 4:02 AM



1200      B. Liang et al.: Wavefront manipulation by acoustic metasurfaces

latest couple of years have already witnessed many efforts 
dedicated to attempting to find practical applications of 
acoustic metasurfaces based on their unconventional 
functionalities of creating nearly arbitrary phase profile 
and controlling the wavefront of acoustic waves. This last 
section will review some representative advances in this 
aspect.

5.1  �Metasurface-based acoustic diffusers

Acoustic diffusers are necessary for many places such 
as recording studios, concert venues, and movie theat-
ers. The flat walls in a room always creates echoes and 
standing waves that may result in uneven sound quality. 
By placing sound diffusers on the walls and ceiling of a 
room, it is possible to scatter sound waves in all directions 
and thereby eliminate undesirable echoes and ultimately 
improve the quality of the sound. But the most commonly 
used Schroeder diffusers, proposed by Schroeder [50, 51] 

almost 50  years ago for artificially creating optimal and 
predictable sound diffuse reflection, have very bulky 
structures composed of an array of evenly spaced gratings 
that are identical in length and width but vary in depth. 
For generating diffuse reflection for incident acoustic 
waves, the Schroder diffusers need to produce a specific 
profile of phase shift on the surface such as a special 
number sequence. Conventionally, it is perceived that 
the phase of the acoustic wave can only be accumulated 
gradually along its propagation path, and the Schroeder 
diffusers are thus designed to produce the desired phase 
delay by controlling the sound path in a grating structure. 
In order to have a full range of phase shift covering a 2π 
range, the depth of individual units of grating, referred 
to as the “well,” can reach half of the wavelength of the 
lowest sound to be diffused (Figure 11A). This severely 
limits their applications in low-frequency range which, 
however, often covers the typical frequencies of many 
audible sounds such as voice. For example, a man’s voice 
as low as 85 Hz corresponds to a wavelength of 4 m, which 

Figure 10: Metasurface-based conversion of acoustic resonance to orbital angular momentum.
(A) Schematic of the mechanism of converting acoustic resonance to orbital angular momentum. (B) Experimental sample (photo). (C) Simu-
lated and measured results of the phase profile and sound amplitude on two different cross sections (reprinted from Ref. [48]).
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would need a Schroeder diffuser whose thickness reaches 
roughly 2 m.

Based on the concept of acoustic metasurfaces, Zhu 
et al. [52] have developed an “ultra-thin” sound diffuser 10 
times thinner than the widely used conventional designs 
of Schroeder, as schematically illustrated in Figure 11B. 
For foresaid example of diffusing voice with a frequency 
of 85  Hz, the novel metasurface-based diffusers will only 
be 20 cm thick, which is quite applicable in practical situ-
ations. A 2D array of locally resonant elements, each of 
which is properly designed to produce a specific phase 
shift for the reflected waves, is arranged according to a spe-
cific quadratic residue sequence required by Schroeder’s 
theory. By using Helmholtz-like resonators with ultrathin 
and planar profiles and wide necks, a wide phase change 
of 2π is achieved with such deep subwavelength unit cells 
(Figure 11C) while keeping the thermal and viscous losses, 
which are undesirable in the high-efficiency generation of 

sound diffuse reflection, much lower than the conventional 
Helmholtz resonators. An ultrathin version of Schroeder dif-
fuser with a thickness of λ0 = 20 has been demonstrated both 
numerically and experimentally. Indeed, this is also the 
thinnest acoustic metasurface that has been reported so far 
for manipulating the wavefront of transmitted or reflected 
waves with experimental verification (excluding those for 
absorption purposes, as will be reviewed in what follows).

Figure 11D plots the comparison between the simu-
lated and measured diffusion coefficients of a conventional 
Schroeder diffuser and a broadband metasurface-based 
Schroeder diffuser that has a hybrid structure compris-
ing components designed to generating the desired phase 
delay at different frequencies and therefore has broad-
ened operating bandwidth, in which two incident angles 
(0° and 45°) are considered. The experiment results and 
simulation results are in reasonable agreement, showing 
that the proposed metasurface-based acoustic diffuser 
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Figure 11: Comparison of traditional Schroeder diffusers and metasurface-based ultrathin Schroeder diffusers.
(A) Schematics of a 2D Schroeder diffuser and (B) the proposed metasurface-based Schroeder diffuser. (C) The analytical and simulated 
relationship between the phase shift and the geometrical parameter w at the center frequency of 6860 Hz. (D) Simulated and measured 
diffusion coefficient for 0° (left) and 45° (right) in the x-z plane versus frequency for broadband metasurface-based Schroeder diffuser and 
Schroeder diffuser, respectively (reprinted from Ref. [52]).
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yields diffuse reflection at different frequencies, with 
high-efficiency performance on par with the widely com-
mercialized Schroder diffusers. The new design uses less 
material and may result in lighter and cheaper diffusers 
that allow people to make better use of their space. This 
takes a major step towards applying acoustic metasur-
faces to markedly improving conventional sound diffusers 
widely adopted in industry and solving practical acoustic 
problems, which may also provide a roadmap to wave-
front manipulation and have far-reaching implications in 
architectural acoustics, noise control, and beyond [53].

5.2  �Sound absorption by acoustic 
metasurfaces

It is of great interest, from both the scientific and engineer-
ing viewpoints, to realize a perfect absorber of deep-sub-
wavelength scale which, however, remains challenging due 
to the aforementioned fundamental limitations in classic 
theory of acoustics. Conventional methods for absorbing 
acoustic energy include the use of porous materials, gra-
dient index materials, or perforated panels, which usually 

lead to either imperfect match of acoustic impedance or 
very bulky structures whose sizes need to be comparable 
to the working wavelength [54]. Although acoustic absorb-
ers can also be designed with active elements, the schemes 
of “active absorbers” necessarily result in high cost and 
sophisticated designs of electrical circuits. The existing 
designs of acoustic absorbers are not practical for low-
frequency sound, calling for new mechanism to go beyond 
the fundamental barriers in traditional means and enable 
novel acoustic absorbers applicable in practice.

Ma et al. [55] proposed the idea of producing two reso-
nances in deep-subwavelength layer with weak absorption 
and then placing the layer close to a rigid surface with a 
thin cell of sealed gas in between to hybrid these two reso-
nances, as schematically shown in Figure 12A. With two 
useful degrees of freedom, such hybridized resonance 
helps to achieve robust impedance matching and perfect 
absorption. Figure 12B shows the frequency dependence of 
measured absorption coefficient for one unit cell of the pro-
posed metasurface, manifesting the occurrence of a high 
and sharp absorption peak, which almost reaches unity, at 
152 Hz as verified by the excellent agreement between the 
numerical and experimental results. The first eigenmode 

Figure 12: Acoustic metasurface with hybrid interfaces.
(A) Schematic illustration of the unit cell’s components and geometry. (B) Schematic cross-sectional illustration of the two lowest frequency 
eigenmodes. (C) Measured absorption coefficient as a function of frequency. The solid and dashed arrows indicate the first eigenmode and 
anti-resonance (reprinted from Ref. [55]).
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and anti-resonance are marked by the solid and dashed 
arrows, respectively. Interestingly, the absorption peak is 
located near the anti-resonance instead of at the eigenfre-
quency of the decorated membrane resonator, suggesting a 
novel absorption mechanism inherently different from the 
traditional ones that use only lossy materials.

To eliminate the dependence on prescribed tension of 
membrane that is inconvenient to adjust in practice, Li and 
Assouar [56] proposed the design of a metasurface-based 
absorber composed of a combination of a perforated plate 
and a coplanar air chamber with coiled configuration, for 
nearly totally absorbing the incident acoustic energy at an 
extremely low-frequency range around 125 Hz, as shown 
in Figure 13.

The viscosity in the perforated hole provides high 
absorption of incident acoustic energy at resonance but 
also leads to additional reactance and lowered imped-
ance matching, which is compensated by the coplanar 
air chamber and realize matched impedance and perfect 

absorption as expected. Such a mechanism enables down-
scaling of the total thickness of the resulting device to as 
small as 1/223 of the operating wavelength, which is much 
thinner than the conventional designs as well as the above-
mentioned metamaterial-based absorbers. By solving the 
basic problem of absorbing low-frequency sound perfectly 
with deep subwavelength scale, the metasurface-based 
acoustic absorber takes advantage of compactness, planar 
profile, stable structure, and high efficiency and may pave 
the way towards the design of related functional devices 
and their applications in various important scenarios 
such as noise control and energy harvesting.

6  �Summary
Since the first emergence of the concept of acoustic meta-
surfaces in 2013, this research field has undergone a rapid 
expansion during the past few years and attracted great 
attention from within and beyond the acoustics commu-
nity. Because of the two-dimensional nature of the metas-
urface structures, they occupy less physical space and offer 
an alternative to bulk three-dimensional metamaterials 
for realizing versatile functionalities of steering wavefront 
almost arbitrarily, offering new general paradigm of arti-
ficial functional devices with great application prospects. 
Despite the advances in the new physics enabled by acous-
tic metasurfaces and the proposed metasurfaces-based 
devices that have preliminarily bridged the gap between 
real world applications, it is noteworthy that some impor-
tant questions still remain largely unanswered, including 
the (i) mechanism for designing dispersionless acoustic 
metasurfaces that can go beyond the limitation of working 
bandwidth in the current resonance-based metasurfaces 
while maintaining the subwavelength nature, (ii) evolution 
of acoustic metasurfaces from linear to nonlinear regime 
to enable generating special nonlinear response at sub-
wavelength scale, and (iii) development of non-Hermitian 
acoustic capable of making use of loss effect – which is 
unavoidable when downscaling the metamaterial units 
and traditionally thought harmful to wave manipulation 
– to open new degree of freedom for further extending the 
functionality of resulting devices, etc. It can be anticipated 
that in the future, by exploring novel mechanisms and 
gaining deeper insight into the unconventional wavefront-
engineering functionality of acoustic metasurfaces, there 
will be further progresses on the integration and minia-
turization of devices as well as energy efficiency that far 
surpass those of the bulk acoustic components widely used 
in conventional approaches, leading to revolutionary tech-
nological breakthroughs in acoustics and related areas.

Figure 13: Metasurface-based absorber.
(A) Conventional perforated system with a perforated plate placing 
in front of a hard object. (B) The metasurface composed of a perfo-
rated plate with a hole and a coiled air chamber. (C) The absorption 
coefficient of the presented metasurface (black circles) with geo-
metrical parameters (reprinted from Ref. [56]).
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