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Acoustic metalenses have been pursued over the past decades due to their pivotal role in a wide variety
of applications. Recent research efforts have demonstrated that, at ultrasonic regimes, acoustic levitation
can be realized with standing waves, which are created by the interference between incoming and reflected
focused waves. However, the conventional gradient-metasurface approach to focus ultrasonic waves is
complex, leading to poor scalability. In this work, we propose a design principle for ultrasonic metalenses,
based on metagratings—arrays of discrete scatters with coarser features than gradient metasurfaces. We
achieve beam focusing by locally controlling the excitation of a single diffraction order with the use of
metagratings, with geometry adiabatically varying over the lens aperture. We show that our metalens can
effectively focus impinging ultrasonic waves to a focal point with a full width at half maximum of 0.364
of the wavelength. The focusing performance of the metalens is demonstrated experimentally, validating
our proposed approach. This metagrating approach to focusing can be adopted for different operating
frequencies by scaling the size of the structure, which has coarse features suitable for high-frequency
designs, with potential applications ranging from biomedical science to nondestructive testing.
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I. INTRODUCTION

Acoustic beam focusing is prominent in diverse appli-
cations, such as in medical imaging and therapy [1–3],
nondestructive inspection of cracks in materials [4–6]
and wave-energy harvesting [7,8]. The convergence of
the impinging acoustic energy in a tight focal spot is
attributed to the wave-front-manipulation capability of
acoustic lenses. Acoustic phased arrays are conventionally
used to control the wave front and to perform focusing
[9–11], through controlling the amplitude and phase of
individual transducers. However, the ultrasonic transducer
size is generally greater than the wavelength of operation,
limiting the spatial resolution of the generated field. More-
over, this conventional approach requires bulky phased
arrays and relatively large-scale driving electronics, lead-
ing to high fabrication cost and complex implementation.

In recent years, acoustic gradient metasurfaces with
exotic beam-steering properties have attracted significant
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attention. Phase-gradient metasurfaces are formed by an
array of closely packed structures with varying geometric
parameters. They enable wave-front steering by carefully
adjusting the spatial phase gradient along the metasurface
based on the generalized Snell’s law [12,13]. Such efficient
beam steering facilitates the development of metasurface-
based acoustic lenses, which therefore remove the require-
ment for conventional phased arrays. The phase gradient
can be implemented by using space-coiling or heli-
cal structures, which accumulate a large phase shift by
controlling the propagation path [14–20], or Helmholtz
resonators, which modulate the phase delay based on
their resonant features [21–23]. The design of gradient-
metasurface lenses has also been extended to the ultra-
sonic range by using a set of space-coiling metamaterials
with encoded prerequisite phase delays to focus acous-
tic beams and achieve acoustic levitation [24]. However,
the efficiency and resolution of this gradient-metasurface
approach greatly depends on the level of discretization.
Full control of the phase change along the metasurface
requires a very dense array of fine elements. Further-
more, the complex and fine internal geometries of these
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structures are hard to scale down to higher frequencies and
they can induce significant losses in the acoustic thermal
and viscous boundary layers near the walls of the structure
[25,26]. This typical gradient-metasurface approach suffers
from higher-order effects due to the impedance mismatch
between incident and scattered waves for large steering
angles [13,27], which results in low focusing efficiency for
lenses with a large numerical aperture [28].

To address the limitations of gradient metasurfaces, an
alternative class of metamaterials, known as metagratings,
has recently been proposed [29,30]. They are composed
of periodic arrays of asymmetric bianisotropic scatter-
ers. Their working principle of wave-front manipulation
relies on the engineering of scattering into different orders
of diffraction. Previous works have shown that acoustic
metagratings enable almost 100% efficiency of anomalous
reflection (or refraction) for a wide range of steering angles
by using specifically engineered bianisotropic elements
[31–34]. Metagratings are advanced periodic structures
designed in accordance with the grating theory, which
enable all energy to be diffracted into a single Floquet order
by engineering the scattering properties of the meta-atoms.
The outstanding wave-front-manipulation characteristics
of metagratings offer a promising design framework to
passively focus the acoustic beam with scalable structures
in an efficient way, providing an additional advantage of
relaxed requirements on the fabrication resolution. Recent
work at microwave frequencies has revealed that metagrat-
ings can be combined with conventional gradient meta-
surfaces to improve the performance of metalenses with
a large numerical aperture; however, such structures still
require the fine discretization of a gradient metasurface in
the central region of the lens [35]. Nonetheless, this work
suggests that the same concept of using a combination of
different metagratings to converge beams might also be
valid in acoustics.

Here, we demonstrate that an efficient metalens can
be realized using adiabatically varying metagratings. We
utilize the remarkable wave-front-manipulation properties
and anomalous reflection performance of metagratings
to spatially control the beam diffraction along a metal-
ens. Multilayered stepped structures, inspired by those
used in Ref. [33], are utilized as meta-atoms, due to
their simple configuration. We establish a generalized
semianalytical model with a genetic algorithm to design
a set of metagratings to locally control the excitation
of a single Floquet order. Our metagrating approach,
which combines multiple local metagratings with vary-
ing periodicity, can efficiently converge an ultrasonic wave
to a focal spot. This versatile and scalable approach
can overcome unfavorable energy dissipation of the
metasurface-based lenses, to enable high-efficiency acous-
tic focusing using passive means, while minimizing the
fabrication requirements and the effect of thermoviscous
losses.

II. RESULTS

A. Metagrating approach

We propose a lens composed of multiple local meta-
gratings to realize ultrasonic focusing, as illustrated in
Fig. 1(a). Unlike conventional gradient-metasurface-based
lenses, we perform beam focusing by locally controlling
the excitation of a single diffraction order and without
attempting to engineer a continuous phase distribution.
This working principle can also be realized in a one-
dimensional (1D) lens, as shown in Fig. 1(b). Assuming
that the lens is located at y = 0, in order to steer the acous-
tic beam toward a focal spot with a focal length of yf , the
local reflection angles θr(x) on the lens are calculated by
the simple trigonometric relation

tan θr(x) = −x/yf . (1)

To perform this angle manipulation, we apply the meta-
grating concept, with locally varying diffraction angles.
According to conventional grating theory, periodic struc-
tures diffract incident acoustic energy via all Floquet
orders, in which the number of orders is determined by
the periodicity of the grating. As outlined in Ref. [36],
a metagrating consists of a periodic array of polarizable
elements. These elements are designed to support local res-
onances and to have an individual scattering pattern with
a main lobe matching the angle of the desired diffraction
order. In our metagrating lens design, each metagrating
is responsible for redirecting the normally incident acous-
tic wave toward a particular angle θn, which is assigned
as per Eq. (1). This angle is measured relative to the sur-
face normal of the metagrating. The periodicity Ln of the
nth metagrating is determined by the ratio of the acoustic
wavelength of operation λ to the reflection angle θn based
on the Bragg condition:

Ln = −λ/ sin θn. (2)

By combining different metagratings with varying local
periods Ln, the directivity of beam diffraction along the
metalens can be controlled, converging the acoustic beams
to a focal spot.

In this work, we consider the focal spot to be located at
x = 0, which is aligned with the center of the metalens as
assumed in Eq. (1). We start by designing a half metalens
[the region x > 0 in Fig. 1(b)], then subsequently mirror
this structure about x = 0 and combine this with the origi-
nal to obtain a full metalens. One unit cell is used in each
metagrating. Transferring each structure from an infinite
metagrating to a finite metagrating with a small number
of elements does lead to some scattering into unwanted
directions. However, strong directional scattering is main-
tained at the desired angle due to the local resonance of the
meta-atom (see Note 1 in the Supplemental Material [37]).
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(a) (b)

(c)
Mirror structure

FIG. 1. The metagrating for acoustic focusing. (a) A schematic of the metagrating-based reflective lens for acoustic focusing. (b) An
illustration of the design principle of the proposed metagrating approach, which can converge the acoustic energy to a focal spot by
spatially controlling the reflection angles. (c) The corresponding reflection angle and period of each metagrating element to perform
focusing for yf = 13λ at f = 40 kHz.

We use the adiabatically changing unit-cell geometry
across the surface to smoothly vary the angle following
Eq. (1).

B. Design of local metagratings

Here, we design each local metagrating to perform
anomalous reflection in which all the acoustic energy is
rerouted into a single Floquet mode (i.e., −1 for the right
half lens and +1 for the left half lens) with the diffraction
angle designed based on the condition expressed in Eq. (1).
We have previously shown that the scattering properties of
the meta-atom and the impedance mismatch between the
incident wave and metagrating are the key design parame-
ters in developing high-efficiency metagratings for anoma-
lous reflection [34]. To properly manipulate the wave-front
propagation toward a single desired angle, the meta-atom
should be bianisotropic, which enables asymmetric scatter-
ing. By means of numerical and experimental analysis in
Ref. [33], simple L-shaped structures have been shown to
be an efficient means for beam steering in cases when only
the (−1, 0 and +1) Floquet orders can propagate. When the
desired reflection angle |θn| ≤ 30◦, higher Floquet orders
appear in the system, such that a more advanced structure
is required to simultaneously nullify numerous unwanted
diffraction orders. In a metagrating-based lens, the center
of the lens must redirect the incident wave at small angles;
therefore, it requires a more complex structure to control
higher-order diffraction.

As such, we propose a multilayered stepped meta-atom
that is simple and yet powerful and scalable for rerouting
acoustic waves into a single direction even with numer-
ous higher Floquet orders being present. The meta-atom

is formed by J layers of brick, as illustrated in Fig. 2(a)
for J = 3. This multilayer structure provides the additional
degrees of freedom to control the acoustic scattering prop-
erties of the local metagrating. The mechanism underlying
our meta-atom is to create an uneven pressure distribution
at its surface. When a plane wave impinges on this struc-
ture, it excites a multimodal-pressure-field distribution
inside the air gap of each layer. The variation of thickness
hj and width lj among different layers of brick enhances
the bianisotopic properties of the meta-atom by adjusting
the multimodal pressure field inside the air gap and sub-
sequently supports reflection with asymmetric amplitudes
and allows anomalous reflection. This array of multilay-
ered stepped structures is backed by a hard boundary
such that high reflection efficiency is achieved. To predict
the beam-steering performance of the proposed metagrat-
ings, we develop a semianalytical model with the full
methodology outlined in Sec. A. This method involves the
decomposition of the incident plane wave and the reflected
field above the metagrating into Floquet modes and of
the fields inside the multilayered air gap into waveguide
modes. The reflection amplitudes into different Floquet
orders can therefore be predicted by applying the pres-
sure and velocity continuity conditions at the interfaces.
The multilayered stepped structures are then optimized by
a genetic algorithm as discussed in Sec. A.

C. Lens design

We design a set of metagratings to realize high-
efficiency ultrasonic focusing of an incident plane wave
to a focal spot at yf = 13λ at an operating frequency
f = 40 kHz. According to the spatial distribution of the

064014-3



YAN KEI CHIANG et al. PHYS. REV. APPLIED 16, 064014 (2021)

(a)

(b)

FIG. 2. The design of meta-atoms. (a) The configuration of the
proposed metagrating composed of multilayered stepped meta-
atoms. (b) The reflection coefficient of our designed metagrating
with seven Floquet modes. The inset shows the real part of the
reflected pressure fields (−1 Floquet mode) at f = 40 kHz.

reflection angle and the Bragg condition expressed as
Eqs. (1) and (2), respectively, the first metagrating is
designed to reroute the acoustic wave to a small angle
θ1 = −16◦. The design of this metagrating is the most
challenging, since seven Floquet modes need to be taken
into consideration (−3, −2, −1, 0, +1, +2, and +3). Figure
2(b) shows the analytical reflection spectrum of an infi-
nite acoustic metagrating formed by an array of three-layer
stepped meta-atoms with L1 = 0.0311 m, which is opti-
mized to steer an acoustic beam toward θ1 = −16◦. Its
geometric parameters are listed in Table I in Note 1 of
the Supplemental Material [37]. Only the −3, −1, and +2
Floquet modes are shown in Fig. 2(b), since the reflection
coefficients of the remaining unwanted diffraction orders
are zero. The results reveal that the reflection coefficient
for the −1 Floquet mode is 0.95, which indicates that
almost all of the acoustic wave is reflected via the −1 Flo-
quet mode at f = 40 kHz, while only a small part of it is
scattered toward the −3 and +2 Floquet modes. Our semi-
analytical results are verified by numerical simulations for
the lossless case, with the resultant spectrum marked by
crosses (×). The simulated scattered pressure field shown
in the inset of Fig. 2(b) illustrates a highly planar reflected
field, confirming the efficient anomalous reflection despite

the numerous higher Floquet modes that can propagate.
Using this semianalytical approach, 26 metagratings are
optimized for different reflection angles. The design of the
full set of local metagratings and the optimized param-
eters of each meta-atom are discussed in Note 1 in the
Supplemental Material [37].

After designing these 26 metagratings, we combine
them to form a half metalens. Its focusing performance
is investigated by two-dimensional (2D) full-wave simu-
lations without thermoviscous losses (see Sec. B). Figure
3(a) shows the resulting normalized intensity of the scat-
tered field for the half metalens, which is the intensity of
the scattered pressure field |psca|2 normalized by that of the
incident pressure |pinc|2. With our metagrating approach,
using only half a lens, focusing of a steered beam is already
achieved. To quantify the size of the focal spot, we con-
sider the scattered field profile along the line y = 13.9λ,
shown by the white dotted line in Fig. 3(a). The result-
ing intensity is plotted in Fig. 3(c), showing that the focal
spot is not vertically aligned with the left edge of the
half metalens (i.e., x = 0) but is shifted toward the left
to x = −1.25λ. This shift occurs because the scattering
phase center of each metagrating does not coincide with
the coordinate origin used when simulating the infinite
metagrating. The limited number of elements in the local
metagrating leads to scattering toward unwanted direc-
tions, which therefore affects the beam interference at the
focal spot. Considering the right half metalens, we find that
the phase of the local metagratings at the designed focal
spot (0, 13λ) varies over a range from 0.25π to π . How-
ever, at the shifted location of (−1.25λ,13.9λ), the phase
of scattering from most elements is close to approximately
0.9π . The results of the half metalens suggest that for con-
structively interfering beams, the focal spot is shifted and
a tuning step is required before developing a full metal-
ens to precisely generate a fine and high-intensity focal
spot with low side lobes (see Note 2 in the Supplemen-
tal Material [37]). To confirm the origin of the shifted
focal spot, we establish a semianalytical sound-radiation
model, where the multiple metagrating elements are sim-
plified as an array of point sources. The semianalytical
result (dashed line) as indicated in Fig. 3(c) demonstrates
that this method can successfully predict the shift of the
focal spot, xs = −1.25λ.

To produce a full metalens with a focal point on its
axis of symmetry x = 0, we first tune the half metalens
by shifting it horizontally by −xs, to compensate for the
transverse shift of the focal spot. Combining this structure
with its mirror half metagrating leads to a full metalens
with numerical aperture NA = 0.94, determined by the
maximum reflection angle as NA = sin θN . Figures 3(b)
and 3(d) show that a fine and high-intensity focal spot
is achieved by our full metalens. The focusing perfor-
mance of the metalens is quantitatively characterized in
terms of the full width at half maximum (FWHM) and the
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(a) (b)

(c) (d)

FIG. 3. The modeling of the beam focusing. (a),(b) Numerical simulations of the 2D intensity normalized to the intensity of the
incident plane-wave distributions by using 1D half and full metalenses, respectively. (c) Numerically simulated (solid line) and semi-
analytically predicted (dashed line) normalized intensity distributions along the focal plane y = 13.9λ as indicated by the white dashed
lines in (a) for the half metalens. (d) A comparison of the numerical simulated normalized intensity distributions between the lossless
(solid line) and lossy (dashed line) cases along the focal plane y = 13.8λ as indicated by the white dashed lines in (b) for the full
metalens. The simulated FWHMs of the half- and full-size cases are 1.09λ and 0.364λ, respectively.

maximum value of the normalized intensity of the scat-
tered field Imax. The results illustrate that our proposed full
metalens enables acoustic focusing with a maximum nor-
malized intensity of Imax = 137.1 at f = 40 kHz. Compar-
ing with the half metalens, the focal-size FWHM reduces
from 1.09λ to 0.364λ. The small beam width of the focused
main lobe is attributed to the interference of two steered
beams generated by the two halves of the metalenses.

In the ultrasonic regime, thermoviscous losses gener-
ally have an adverse impact on the acoustic focusing
performance of metalenses. In gradient-metasurface-based
lenses, coiled space structures with long meander-line
channels are commonly used to control the acoustic prop-
agation path and, hence, to engineer the phase. High
thermoviscous losses are typically induced in such sys-
tems, due to the fact that the surface needs to be finely
discretized to produce a continuously varying phase. The
correspondingly narrow widths of the internal geometries
are often comparable to the viscous and thermal boundary-
layer thicknesses, which are approximately 9.5 μm at
f = 40 kHz [38], resulting in dissipation of the acoustic
energy and degradation of the focusing performance [25,
39]. Our meta-atom dimensions are comparable with the
wavelength, which largely relaxes this challenge. We

examine the effect of thermoviscous losses on our pro-
posed metagrating lens by a finite-element model, with the
resultant spectrum shown in Fig. 3(d). Comparing the loss-
less and lossy cases, only a small reduction of 3% in the
maximum intensity is found. This demonstrates that our
proposed metagrating approach with simple stepped struc-
tures can overcome the unfavorable energy dissipation
and fabrication complexity of gradient-metasurface-based
lenses for ultrasonic focusing.

D. Experimental verification

To validate our metagrating-based design principle, the
focusing performance of our ultrasonic metalens is experi-
mentally demonstrated and compared with numerical pre-
dictions (Fig. 4). Our experiments are conducted inside
an anechoic chamber with the setup shown in Fig. 4(a).
Although the theoretical and numerical models assumed
focus along a single axis, we demonstrate here that they
accurately predict the performance of a cylindrically sym-
metric lens, which focuses the fields along two axes. Such
focusing is most relevant for applications and it leads to
a strong focal spot that is easiest to measure experimen-
tally. The metalens is fabricated by three-dimensional (3D)
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printing with polylactic acid (PLA). As the 3D printer has
a restricted build volume, a metalens with a smaller numer-
ical aperture of NA = 0.76 is considered. The 2D metalens
is realized by revolving the 1D design of the half metal-
ens about its y axis, as indicated in Fig. 1(b). A single
ultrasonic transducer located at (7λ, 105λ) is used to gen-
erate the incident wave at f = 40 kHz. The transducer is
shifted from the y axis of the metalens to suppress mul-
tiple reflections between the lens and the transducer. To
better compare the numerical and experimental results, the
simulations are conducted using a spherical sound source
at the coordinates of the transducer.

Figures 4(b)–4(d) show the simulated and the measured
distributions of the normalized intensity of the scattered
field for our proposed metalens. Compared with the simu-
lated results for plane-wave excitation, a shifted and tilted
focal spot of elliptical shape at around (−1.3λ, 16.8λ)
is found both numerically and experimentally due to the
off-axis source location (see Note 3 in the Supplemen-
tal Material [37]). Significant intensity enhancement is
obtained at the focal spot, which is nearly 22.9 times that
of the incident one. The results are normalized by their
maximum normalized intensity Imax. The profiles of the
normalized intensities on the focal plane along the trans-
verse and axial directions are illustrated in Figs. 4(e) and
4(f), respectively, showing that our experimental results
are in good agreement with the numerical prediction. The
measured FWHM is 0.6λ, which is 10% lower than the
numerical result for the 2D lens. Similar performance with
a shifted and tilted focal spot is also numerically observed
with an oblique incident plane wave (see Note 4 in the
Supplemental Material [37]).

E. Discussion

We propose a straightforward design principle for effi-
cient ultrasonic beam focusing by using adiabatically vary-
ing metagratings to locally control the excitation of a single
Floquet order. The convergence of acoustic energy to a
focal spot with a designated focal length is achieved by
spatially engineering the directivity of diffracted beams
along the metalens. We apply the concept of metagrat-
ings to satisfy this spatially varying profile in accordance
with grating theory. To effectively diffract the acoustic
wave via a particular Floquet mode, which is aligned with
the desired local angle, the scattering properties of the
metagratings are engineered, such that reflections toward
unwanted directions are minimized. We propose a mul-
tilayered stepped structure as the meta-atom, where its
multiple layers offer additional degrees of freedom to effec-
tively control the asymmetric scattering properties. This
enables the meta-atom to achieve high-efficiency anoma-
lous reflection, i.e., R−1 > 0.95, especially for elements
near the center of the lens, which must control numer-
ous higher-order Floquet modes (up to seven modes in

this study). A semianalytical model is incorporated into a
genetic algorithm to optimize the various designs of the
meta-atoms for a variety of reflection angles, in which
their beam-steering performance is verified to numerically
range from −16◦ to −78◦. At the operating frequency
of f = 40 kHz, a set of metagratings is designed. Com-
pared to the space-coiling structures commonly used in
gradient metasurfaces, our metagratings promise to be eas-
ier to scale down for applications at higher frequencies,
since narrow and complex internal geometries are avoided.
Meanwhile, the absence of the long labyrinthine mean-
der also minimizes thermoviscous losses, such that the
wave-front manipulation and focusing performance can be
maintained when scaling the structure over a wide range of
wavelengths.

We develop the metalens by combining the optimized
metagratings to satisfy the spatial reflection-angle profile
for acoustic focusing. A fine-tuning step is required to
minimize the side lobes that are induced due to the dis-
continuous change of the reflection angles between the
metagratings. The required tuning distance xs is estimated
using our semianalytical sound-radiation model, where
the multiple metagrating elements are simplified as an
irregular array of point sources. The numerical results
demonstrate that the developed metagrating-based lens
can perform intensive beam focusing with performance
equivalent to that of a gradient-metasurface-based lens at
ultrasonic frequencies, while less dense discretization is
required. Its promising acoustic focusing performance is
experimentally demonstrated. This metagrating approach
can be adapted to perform acoustic focusing for differ-
ent operating frequencies and focal lengths, which may
facilitate the further development of a wide range of appli-
cation devices, including acoustic levitators and tweezers,
or technology used in ultrasound therapy.

III. METHODS

A. Semianalytical model for metagrating design

When a normally incident plane wave impinges on a
periodic structure of periodicity L, the acoustic wave is
diffracted via different Floquet modes. The total acoustic
field above the metagrating pa can be expressed as the sum
of incident and reflected waves,

pa(x, y) = p0eik0y +
±∞∑

m=0

Bme−iGmx−iβmy , (3)

where p0 is the amplitude of the incident wave, k0 is the
wave number in free space, Bm denotes the amplitude
of the reflected pressure of the mth Floquet mode, and
Gm and βm are the wave numbers of the mth-mode scat-
tering, which can be written as Gm = 2πm/L and βm =√

k2
0 − G2

m, respectively.
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FIG. 4. The experimental demonstration of ultrasonic focusing with a metagrating lens. (a) A snapshot of the experimental setup.
(b)–(d) The numerically simulated and experimentally measured normalized reflected intensity in the measurement plane indicated in
(a). (e) shows the comparison between the numerical simulated and measured normalized acoustic intensity along the vertical focal
plane. (f) shows the comparison between the numerical simulated and measured normalized acoustic intensity along the horizontal
focal plane. These vertical and horizontal focal planes are both indicated by the white dashed line in (b)–(d). The numerical and
experimental results are normalized to their maximum intensity to enable comparison.

Considering the stepped structure as illustrated in
Fig. 2(a), the air gap between each meta-atom can be
divided into multiple sublayers. The depth and width of
the j th sublayer of the air gap are denoted by hj and
L − lj (i.e., j = 1, 2, . . . , J ), respectively, where the acous-
tic pressure inside can be expressed as a superposition of
waveguide modes:

pj (x, y) =
∞∑

q=0

cos αq,j (x − lj )[C+
qj eiγqj y + C−

qj e−iγqj y],

(4)

where C+
qj and C−

qj are the amplitudes of the qth order
of the waveguide mode in the −y and the +y directions,
respectively, and αq,j and γqj are the wave numbers of
the qth waveguide mode, which can be written as αq,j =
qπ/(L − lj ) and γqj =

√
k2

0 − α2
q,j , respectively.

The normal particle velocity along the y direction above
the metagrating and inside the air gap can be obtained via

v = − 1
iωρ0

∂p
∂y

, (5)

where ω denotes the angular frequency and ρ0 is the
density of air.

By applying the pressure- and velocity-continuity
boundary conditions at the opening of the air gap and
the interfaces between each air sublayer, we obtain a
series of equations and the reflection coefficients of dif-
ferent Floquet orders can then be solved by using the
orthogonality relationship of the Floquet and waveguide
modes, as described in Ref. [31]. In this study, 19 waveg-
uide modes are considered to analytically calculate the

reflection coefficient Rm of the local metagratings:

Rm = |Bm|2 cos θm

|p0|2 , (6)

where θm is the reflection angle of the mth Floquet mode.
The genetic algorithm with continuous variables is

applied to the above semianalytical model to define the
optimized hj and lj (j = 1, 2, . . . , J ) of the metagratings.
In this study, the role of the metagratings is to reflect the
acoustic wave toward a single direction aligned with the
−1 Floquet order. As such, in the optimization algorithm,
we set the target function as F = max(R−1) to search for
the optimal geometric parameters of the metagratings for
achieving high-efficiency anomalous reflection.

B. Numerical simulations

To investigate the focusing performance and validate the
semianalytical model, both 2D and 3D full-wave numeri-
cal simulations are performed with COMSOL Multiphysics
5.4. For the lossless case, the simulations are performed
with the Pressure Acoustics Module, while the Multi-
physics Thermoviscous Acoustics Module is also included
for the case with losses. The acoustic boundaries of the
meta-atoms are treated as sound hard boundaries. The
mechanical boundary is set to be no slip and the thermal
boundary is set to be isothermal for the lossy simulations.
Perfectly matched layers are added to the outer boundaries
of simulation domains to avoid reflections. The maximum
element size is set to λ/10 and λ/6 for the 2D and 3D
simulations, respectively.

C. Acoustic field measurements

To experimentally demonstrate the acoustic focusing
performance of the metalens, acoustic field measurements
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are conducted in an anechoic chamber with the experimen-
tal setup shown in Fig. 4(a). The incident wave is generated
by an ultrasonic transducer at frequency f = 40 kHz by
using a Teensy 3.2 microcontroller development board.
The field measurements are obtained using a 1/4 in. micro-
phone (B&K type 4135) connected to a microphone power
supply (B&K type 2807), which is moved in two axes
driven by a translation stage.

The 2D metalens is 3D printed via fused deposition
modeling with PLA. One quarter of the lens is printed
each time due to the build-volume limitations of the 3D
printer. These four parts of the metalens are assembled by
gluing onto a cardboard backing. The metalens is mounted
on brackets and placed at a distance of 0.9 m away from
the transducer. The brackets are surrounded by absorbing
foam to prevent unwanted reflection.

ACKNOWLEDGMENTS

This research was funded by the Australian Research
Council Discovery Project DP200101708. L.Q., Y.P., and
A.A. have been supported by the National Science Foun-
dation and the Simons Foundation.

The various authors have contributed to this work
as follows. Y.K.C.: conceptualization, methodology, soft-
ware, validation, investigation, data curation, writing
(original draft), visualization. L.Q.: methodology, writ-
ing (review and editing). Y.P.: methodology, writing
(review and editing). S.S.: methodology, writing (review
and editing). S.O.: conceptualization, resources, writ-
ing (review and editing), supervision, project administra-
tion, funding acquisition. A.A.: conceptualization, writing
(review and editing), supervision, project administration,
funding acquisition. D.P.: conceptualization, investiga-
tion, resources, writing (review and editing), supervision,
project administration, funding acquisition.

[1] M. Fatemi and J. F. Greenleaf, Ultrasound-stimulated
vibro-acoustic spectrography, Science 280, 82 (1998).

[2] L. V. Wang and S. Hu, Photoacoustic tomography: In vivo
imaging from organelles to organs, Science 335, 1458
(2012).

[3] A. P. Sarvazyan, M. W. Urban, and J. F. Greenleaf, Acous-
tic waves in medical imaging and diagnostics, Ultrasound
Med. Biol. 39, 1133 (2013).

[4] X. Ao and C. T. Chan, Far-field image magnification for
acoustic waves using anisotropic acoustic metamaterials,
Phys. Rev. E 77, 025601(R) (2008).

[5] D. Lu and Z. Liu, Hyperlenses and metalenses for far-
field super-resolution imaging, Nat. Commun. 3, 1205
(2012).

[6] W. Xia, D. Piras, J. C. G. van Hespen, W. Steenber-
gen, and S. Manohar, A new acoustic lens material for
large area detectors in photoacoustic breast tomography,
Photoacoustics 1, 9 (2013).

[7] S. Qi, Y. Li, and B. Assouar, Acoustic Focusing and Energy
Confinement Based on Multilateral Metasurfaces, Phys.
Rev. Appl. 7, 054006 (2017).

[8] S. Qi and B. Assouar, Acoustic energy harvesting based
on multilateral metasurfaces, Appl. Phys. Lett. 111, 243506
(2017).

[9] W. R. Hedrick and D. L. Hykes, Beam steering and focusing
with linear phased arrays, J. Diagn. Med. Sonogr. 12, 211
(1996).

[10] S. C. Wooh and Y. Shi, Influence of phased array ele-
ment size on beam steering behavior, Ultrasonics 36, 737
(1998).

[11] A. Marzo, A. Ghobrial, L. Cox, M. Caleap, A. Crox-
ford, and B. W. Drinkwater, Realization of compact tractor
beams using acoustic delay-lines, Appl. Phys. Lett. 110,
014102 (2017).

[12] J. Zhao, B. Li, Z. Chen, and C. Qiu, Manipulating acous-
tic wavefront by inhomogeneous impedance and steerable
extraordinary reflection, Sci. Rep. 3, 2537 (2013).

[13] A. Díaz-Rubio and S. A. Tretyakov, Acoustic metasurfaces
for scattering-free anomalous reflection and refraction, Sci.
Rep. 96, 125409 (2017).

[14] W. Wang, Y. Xie, A. Konneker, B. Popa, and S. A. Cum-
mer, Design and demonstration of broadband thin planar
diffractive acoustic lenses, Appl. Phys. Lett. 105, 101904
(2014).

[15] Y. Li, G. Yu, B. Liang, X. Zou, G. Li, S. Cheng, and
J. Cheng, Three-dimensional ultrathin planar lenses by
acoustic metamaterials, Sci. Rep. 4, 6830 (2014).

[16] K. Tang, C. Qiu, J. Lu, M. Ke, and Z. Liu, Focusing and
directional beaming effects of airborne sound through a
planar lens with zigzag slits, J. Appl. Phys. 117, 024503
(2015).

[17] D. C. Chen, X. F. Zhu, Q. Wei, D. J. Wu, and X. J. Liu,
Broadband acoustic focusing by Airy-like beams based on
acoustic metasurfaces, J. Appl. Phys. 123, 044503 (2018).

[18] S. D. Zhao, A. L. Chen, Y. S. Wang, and C. Zhang,
Continuously Tunable Acoustic Metasurface for Transmit-
ted Wavefront Modulation, Phys. Rev. Appl. 10, 054066
(2018).

[19] S. W. Fan, S. D. Zhao, A. L. Chen, Y. F. Wang, B. Assouar,
and Y. S. Wang, Tunable Broadband Reflective Acoustic
Metasurface, Phys. Rev. Appl. 11, 044038 (2019).

[20] F. M. W. Li and X. Huang, Coding metalens with helical-
structured units for acoustic focusing and splitting, Appl.
Phys. Lett. 117, 021901 (2020).

[21] J. Lan, Y. Li, Y. Xu, and X. Liu, Manipulation of acous-
tic wavefront by gradient metasurface based on Helmholtz
resonators, Sci. Rep. 7, 10587 (2017).

[22] S. Qi and B. Assouar, Ultrathin acoustic metasurfaces
for reflective wave focusing, J. Appl. Phys. 123, 234501
(2018).

[23] H. O. K. Gong, X. Wang, and J. Mo, Tuneable gradient
Helmholtz-resonator-based acoustic metasurface for acous-
tic focusing, J. Phys. D: Appl. Phys. 52, 385303 (2019).

[24] G. Memoli, M. Caleap, M. Asakawa, D. R. Sahoo, B.
W. Drinkwater, and S. Subramanian, Metamaterial bricks
and quantization of meta-surfaces, Nat. Commun. 8, 14608
(2017).

[25] M. Molerón, M. Serra-Garcia, and C. Daraio, Visco-
thermal effects in acoustic metamaterials: From total

064014-8

https://doi.org/10.1126/science.280.5360.82
https://doi.org/10.1126/science.1216210
https://doi.org/10.1016/j.ultrasmedbio.2013.02.006
https://doi.org/10.1103/PhysRevE.77.025601
https://doi.org/10.1038/ncomms2176
https://doi.org/10.1016/j.pacs.2013.05.001
https://doi.org/10.1103/PhysRevApplied.7.054006
https://doi.org/10.1063/1.5003299
https://doi.org/10.1177/875647939601200502
https://doi.org/10.1016/S0041-624X(97)00164-9
https://doi.org/10.1063/1.4972407
https://doi.org/10.1038/srep02537
https://doi.org/10.1063/1.4895619
https://doi.org/10.1038/srep06830
https://doi.org/10.1063/1.4905910
https://doi.org/10.1063/1.5010705
https://doi.org/10.1103/PhysRevApplied.10.054066
https://doi.org/10.1103/PhysRevApplied.11.044038
https://doi.org/10.1063/5.0012784
https://doi.org/10.1038/s41598-017-10781-5
https://doi.org/10.1063/1.5031482
https://doi.org/10.1088/1361-6463/ab2b85
https://doi.org/10.1038/ncomms14608


SCALABLE METAGRATING FOR EFFICIENT. . . PHYS. REV. APPLIED 16, 064014 (2021)

transmission to total reflection and high absorption, New
J. Phys. 18, 033003 (2016).

[26] Y. Jia, Y. Luo, D. Wu, Q. Wei, and X. Liu, Enhanced
low-frequency monopole and dipole acoustic anten-
nas based on a subwavelength bianisotropic structure,
Adv. Mater. Technol. 5, 1900970 (2020).

[27] J. Li, C. Shen, A. Díaz-Rubio, S. A. Tretyakov, and S. Cum-
mer, Systematic design and experimental demonstration of
bianisotropic metasurfaces for scattering-free manipulation
of acoustic wavefronts, Nat. Commun. 9, 1342 (2018).

[28] R. Paniagua-Domínguez, Y. F. Yu, E. Khaidarov, S. Choi,
V. Leong, R. M. Bakker, X. Liang, Y. H. Fu, V. Val-
uckas, L. A. Krivitsky, and A. I. Kuznetsov, A metalens
with a near-unity numerical aperture, Nano Lett. 18, 2124
(2018).

[29] D. Torrent, Acoustic anomalous reflectors based on diffrac-
tion grating engineering, Phys. Rev. B 98, 060101 (2018).

[30] L. Quan and A. Alù, Passive Acoustic Metasurface with
Unitary Reflection Based on Nonlocality, Phys. Rev. Appl.
11, 054077 (2019).

[31] H. Ni, X. Fang, Z. Hou, Y. Li, and B. Assouar, High-
efficiency anomalous splitter by acoustic meta-grating,
Phys. Rev. B 100, 104104 (2019).

[32] Z. Hou, X. Fang, Y. Li, and B. Assouar, Highly Effi-
cient Acoustic Metagrating with Strongly Coupled Surface
Grooves, Phys. Rev. Appl. 12, 034021 (2019).

[33] S. R. Craig, X. Su, A. Norris, and C. Shi, Experimental
Realization of Acoustic Bianisotropic Gratings, Phys. Rev.
Appl. 11, 061002 (2019).

[34] Y. K. Chiang, S. Oberst, A. Melnikov, L. Quan, S. Mar-
burg, A. Alù, and D. A. Powell, Reconfigurable Acous-
tic Metagrating for High-Efficiency Anomalous Reflection,
Phys. Rev. Appl. 13, 064067 (2020).

[35] M. Kang, Y. Ra’di, D. Farfan, and A. Alù, Efficient
Focusing with Large Numerical Aperture Using a Hybrid
Metalens, Phys. Rev. Appl. 13, 044016 (2020).

[36] Y. Ra’di, D. L. Sounas, and A. Alù, Metagratings: Beyond
the Limits of Graded Metasurfaces for Wave Front Control,
Phys. Rev. Lett. 119, 067404 (2017).

[37] See the Supplemental Material at http://link.aps.org/supple
mental/10.1103/PhysRevApplied.16.064014 for the full set
of local metagrating designs, the fine-tuning step for the
metalens design, beam-focusing performance with a spher-
ical incident wave, and 3D simulations of the metalens with
an oblique incident plane wave.

[38] T. Yazaki, Y. Tashiro, and T. Biwa, Measurements of sound
propagation in narrow tubes, Proc. R. Soc. A: Math. Phys.
Eng. Sci. 463, 2855 (2007).

[39] M. R. Stinson, The propagation of plane sound waves in
narrow and wide circular tubes, and generalization to uni-
form tubes of arbitrary cross-sectional shape, J. Acoust.
Soc. Am. 89, 550 (1991).

064014-9

https://doi.org/10.1088/1367-2630/18/3/033003
https://doi.org/10.1002/admt.201900970
https://doi.org/10.1038/s41467-018-03778-9
https://doi.org/10.1021/acs.nanolett.8b00368
https://doi.org/10.1103/PhysRevB.98.060101
https://doi.org/10.1103/PhysRevApplied.11.054077
https://doi.org/10.1103/PhysRevB.100.104104
https://doi.org/10.1103/PhysRevApplied.12.034021
https://doi.org/10.1103/PhysRevApplied.11.061002
https://doi.org/10.1103/PhysRevApplied.13.064067
https://doi.org/10.1103/PhysRevApplied.13.044016
https://doi.org/10.1103/PhysRevLett.119.067404
http://link.aps.org/supplemental/10.1103/PhysRevApplied.16.064014
https://doi.org/10.1121/1.400379

	I. INTRODUCTION
	II. RESULTS
	A. Metagrating approach
	B. Design of local metagratings
	C. Lens design
	D. Experimental verification
	E. Discussion

	III. METHODS
	A. Semianalytical model for metagrating design
	B. Numerical simulations
	C. Acoustic field measurements

	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


