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Reconfigurable Acoustic Metagrating for High-Efficiency Anomalous Reflection
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Metagratings are a recently proposed class of metasurfaces for efficient manipulation of an impinging
wavefront within a subwavelength layer. They avoid the requirement for fine discretization of gradient
metasurfaces, and overcome their inherent limitations in efficiency. Here, we demonstrate experimentally
the functioning principle of a reconfigurable acoustic metagrating for anomalous reflection with high effi-
ciency, using coarse geometric design features. It is formed by a periodic array of C-shaped meta-atoms,
which exhibit large Willis coupling, resulting in a controlled level of asymmetry in their scattering pat-
tern. Our results reveal that the proposed acoustic metagrating can reroute an incident wave towards a
large angle, beyond the limitations of gradient-phase approaches with nearly unitary reflection efficiency.
The proposed designs offer a highly efficient tunable platform to control steering angle and operating fre-
quency. In our experiments, an acoustic wave is successfully steered to the desired reflection direction by
finite metagratings, demonstrating reconfigurability in angle and operating frequency.
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I. INTRODUCTION

Artificial acoustic metamaterials are rationally designed
structures with subwavelength characteristics, with unpre-
cedented properties compared to natural materials. In
particular, the emergence of acoustic metasurfaces has
offered opportunities for acoustic wavefront manipulation,
facilitating, e.g., pioneering the design of sound diffusers
[1], acoustic holography devices [2—4], and ultrasonic
imaging technologies [5]. Acoustic metasurfaces have the
capacity to steer reflected or transmitted wavefronts by
carefully engineering a spatial gradient of phase, in accor-
dance with generalized Snell’s law [6,7]. Phase gradients
can be realized by simple passive devices using either
labyrinthine structure, which allow the sound wave to
accumulate large phase changes [8—10], or Helmholtz res-
onators, which modulate the phase shift based on their
resonant features [11,12]. However, it has been demon-
strated that the wavefront steering of phase-gradient meta-
surfaces can be inefficient due to the impedance mismatch
between the incident wave and waves scattered in the
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desired direction [13,14]. For a phase-gradient metasurface
performing beam steering at a large angle, this mismatch
leads to significant scattering of energy into spurious
directions.

For transmissive gradient metasurfaces, the efficiency
of wavefront manipulation for large steering angles can
be greatly improved using bianisotropy [15]. However,
the large variation in surface impedance requires high-
resolution discretization, and subsequently enhanced fab-
rication complexity. Furthermore, this approach does not
work for reflection, and it becomes necessary to consider
highly nonlocal responses [16,17]. On the other hand,
metagratings are periodic arrays of discrete elements with
engineered scattering properties, which have been shown
to overcome these limitations. In electrodynamics, meta-
gratings based on asymmetric bianisotropic scatterers have
been shown to steer propagating waves with near unitary
efficiency [18-21].

Bianisotropy in electromagnetics has its analog in
acoustics, known as Willis coupling [22], which rep-
resents the cross-coupling between strain and velocity
responses. It provides an additional degree of freedom to
control an acoustic beam. Willis coupling only occurs in
asymmetric structures, and it has been theoretically and
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experimentally demonstrated that Willis coupling must be
considered when determining the effective material prop-
erties of asymmetric metamaterials [23]. Willis coupling
leads to different values of the complex reflection coeffi-
cient for opposite propagation directions, as was demon-
strated by Liu et al. for flexural wave propagation on
both beamlike and platelike structures [24]. Quan et al.
theoretically derived the general bounds on Willis cou-
pling in passive scatterers, and showed that such scatterers
can be used for anomalous reflection (i.e., reflection at
a nonspecular angle) at large angles with full efficiency
[25]. The performance of acoustic metagratings incorpo-
rating Willis coupling was demonstrated experimentally
for both refracted and reflected waves by Craig et al. [26].
However, their operation was restricted to relatively low
angles of incidence and refraction, of up to 45°. To over-
come this restriction, Torrent, Ni et al., and Hou et al.
proposed another metagrating structure by etching several
straight-walled grooves on a hard surface for larger steer-
ing angles [27—29]. They demonstrated that their proposed
structure could achieve high reflected or refracted beam
steering efficiency. In these works, metagrating structures
were designed and machined for several operating sce-
narios with a fixed angle and fixed operating frequency.
Thus a more versatile metagrating structure, which can be
configured to achieve high efficiency for a wide range of
angles and frequencies, remains to be demonstrated.
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In this work, we propose an acoustic metagrating with
reconfigurable wavefront manipulation, based on an array
of C-shaped meta-atoms (individual structured elements
forming the metamaterial). We take advantage of our
recent study which experimentally evidenced maximal
Willis coupling in easy to fabricate C-shaped meta-atoms
[30]. We now apply this geometry as the building block of
metagrating designs, demonstrating that the same inclusion
can be used to implement different metagratings, allowing
variation of the steering angle and operating frequency.
Our results show that this technique can support highly
efficient beam steering for anomalous reflection into large
angles.

II. DEMONSTRATION OF METAGRATING FOR
EXTREME REFLECTION ANGLES

A. Metagrating design

Our metagrating designs consist of periodically arran-
ged C-shaped meta-atoms separated from a hard wall by
a distance H. Each meta-atom is a hollow cylinder with
outer and inner radius r, and r;, respectively, and an aper-
ture of width w,. The unit cell of the metagrating is shown
in Fig. 1(a), and a complete metagrating is illustrated in
Fig. 1(b). Initially we model the metagrating as having
infinite length. In addition to the meta-atom geometry, the
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FIG. 1.

Design of reconfigurable acoustic metagrating. (a) Two-dimensional configuration of the C-shaped meta-atom and hard wall

forming the unit cell of the proposed metagrating. (b) Schematic of metagrating indicating the incident wave and three propagating
Floquet modes. (c) Reflection coefficient for 0 (solid line), —1 (dashed line), and +1 (dash-dotted line) Floquet modes of our designed

metagrating. (d) Real part of incident and reflected pressure fields (—

1 Floquet mode) at f = 2430 Hz.
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twist angle § and the distance H to the hard wall must be
chosen carefully to achieve maximum efficiency.

A plane wave impinging on the metagrating may reflect
energy via multiple Floquet modes (i.e., the structure can
diffract energy into several diffraction orders), with the
number of modes determined by the ratio of the metagrat-
ing period L to the acoustic wavelength A. Careful choice
of the meta-atom geometry and location can in principle
result in all energy being diffracted into a single Floquet
mode. For the range of L and A, that we consider, three
propagating Floquet modes need to be taken into account
(—1, 0, and +1). The period L of the metagrating is chosen
such that the —1 Floquet mode is reflected at the desired
angle 0_1, based on Bragg’s condition

L= AO/(Sineinc - sin<9_1), (1)

where Ao denotes the operating wavelength in free space
and 6, is the angle of incidence. 6;,. and 6_; are defined
relative to the surface normal of the metagrating. To estab-
lish a high-efficiency metagrating for anomalous reflection
three design criteria are required: (1) a high impedance
mismatch between the incident wave and metagrating such
that high reflection is achieved; (2) a scatterer with large
Willis coupling to provide asymmetric scattering; (3) its
Willis properties should be adjustable such that the ampli-
tude of the asymmetric reflection can be controlled. A hard
wall is adopted in our proposed design to ensure high
reflection efficiency. On its own, the wall would cause
unwanted reflection in the specular direction. To precisely
cancel this reflection, the interference between the reflected
wave from the wall and the specular scattered wave from
the meta-atoms is carefully adjusted by tuning the distance
H between the scatterers and the hard wall. In Ref. [18]
it was shown how H can be chosen for electromagnetic
metagratings, based on the operating frequency, polariz-
ability of the meta-atom, and angles of incidence and
reflection. This result can be adapted to acoustic metagrat-
ings, however it neglects near-field effects, which occur
when a finite-sized scatterer is placed close to a surface,
thus it provides only an initial estimate of the optimal posi-
tion. Although our optimal value of H differs from this
estimate, the basic conclusion remains that the thickness
of the metagrating cannot be arbitrarily smaller than the
wavelength.

After choosing L and the initial estimate of H, we design
a C-shaped meta-atom with large Willis coupling at its
resonance. The operating frequency of the metagrating is
associated with the resonance of the scatterer. Furthermore,
our C-shaped meta-atom can be twisted about its origin
to simultaneous change the longitudinal and transverse
components of Willis coupling. We design the meta-atom
to have zero scattering into +1 Floquet mode and with
scattering in the specular direction (0 Floquet mode) to
cancel the reflection of the incident wave from the hard

wall by tuning the twist angle § and distance H from the
hard wall. The effects of the geometric parameters and the
dependence of the beam steering on the Willis coupling is
discussed in Sec. 4 within the Supplemental Material [32].
In this way, the meta-atoms and hard wall are combined
into a metagrating, which performs anomalous reflection
in the direction of the —1 Floquet mode with near unitary
efficiency.

To demonstrate the beam-reflection efficiency at large
angles, we design a metagrating, which can efficiently
reroute an oblique incident wave with 6;,c = 30° to an
extreme angle 6_; = —80° at f; = 2430 Hz. We choose
the C-shaped meta-atoms with dimensions r, = 27 mm,
r; = 6 mm, and w, = 10 mm, since those designs have
demonstrated large Willis coupling at their resonance, of
about 86% of the theoretical maximum [30]. The twist
angle 8 = 115° and the distance H = 0.0735 m from the
hard wall are chosen empirically by parametric sweeps
based on the initial estimates obtained from the afore-
mentioned design criteria. The corresponding polarizabil-
ity tensor of the meta-atoms is shown in Fig. S1 within the
Supplemental Material [32]. The fundamental resonance
of an individual meta-atom is 2200 Hz, thus our meta-
grating operates above this resonance (Fig. S1 within the
Supplemental Material [32]). The period of the metagrat-
ing is set as L = 0.0951 m to satisfy Eq. (1) at fy = 2430
Hz. The full methodology for numerically characterizing
the infinite length metagrating is outlined in Sec. 6 within
the Supplemental Material [32].

Figure 1(c) shows the numerically calculated reflection
into each Floquet mode as a function of frequency. At
f = 2430 Hz the reflection coefficient expressed by Eq.
(A4) for the —1 Floquet mode is 0.99 and that for the 0
Floquet mode is close to zero for the lossless case, which
indicates that the incident wave is reflected almost com-
pletely into the —1 Floquet mode. The simulated pressure
distribution illustrated in Fig. 1(d) shows that the meta-
grating can successfully reroute an obliquely incident wave
towards an extreme steering angle 6_; = —80° with neg-
ligible scattering in the specular direction. However, the
promising beam-steering performance of the metagrating
might be degraded if the effect of thermoviscous losses is
dominant. To investigate this effect, we establish another
finite-element model with thermoviscous losses, with the
resulting reflection spectrum indicated by the green dashed
line in Fig. 1(c). The thermoviscous losses leads to 3%
reduction in the reflection coefficient at f = 2430 Hz. Fur-
thermore, the reflection spectrum of the lossy metagrating
is slightly shifted to lower frequency due to the down-
shifted Willis coupling reported in Ref. [30]. These results
demonstrate that the effect of thermoviscous losses on
the performance of our metagrating formed by C-shaped
meta-atoms is not significant.

To experimentally validate our metagrating, the per-
formance of the finite-length metagrating is measured
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FIG. 2. Experimental demonstration of large-angle anomalous reflection. (a) 3D-printed C-shaped meta-atoms forming reconfig-
urable acoustic metagratings. (b) Experimental setup using a parallel plate waveguide apparatus, cf. Ref. [31]. The scattered acoustic
pressure is measured with a microphone scanned along the yellow dashed line. (c) Polar plot of acoustic pressure comparing the
experimentally measured (dashed line) and numerically predicted (solid line) scattering pattern at f = 2430 Hz. (d) Comparison of
experimental scattering pattern with numerical results obtained by adjusting period L to 0.093 m to account for sample misalignment.

experimentally and compared with numerical predictions
shown in Fig. 2. Six meta-atoms are 3D printed via fused
deposition modeling with polylactic acid (PLA), and a 10-
mm-thick acrylic plate is used as the acoustically rigid
backing wall of the metagrating. As shown in Fig. 2(a), the
metagrating is placed into a two-dimensional parallel-plate
waveguide with absorbing boundaries. The experimental
setup consists of an array of loudspeakers to generate a
plane wave and a microphone mounted on a belt system to
scan the acoustic pressure within the x-y plane [Fig. 2(b)].
The signal generation and acquisition, and the movement
of the microphone are controlled by microcontroller boards
with audio and motor control peripherals [31]. To apply
the obliquely incident wave, the metagrating is oriented
with its surface normal at an angle 6, = 30° relative to
the direction of incidence of the fixed sound source.

B. Experimental verification

The performance of the metagratings is quantified from
experimental and numerical results, using the procedure
outlined in Sec. 7 within the Supplemental Material [32].

The incident field is obtained by measuring the empty
waveguide, by subtracting it from the total field in the pres-
ence of the metagrating, to obtain the scattered field. The
scattered pressure is measured along a line in front of the
metasurface, and converted to an angular scattered pres-
sure using Eq. (B1). This is used to obtain the angular
scattering pattern o (), which is normalized to the total
scattered power by Eq. (B3).

Figure 2(c) shows the angular scattering pattern o (9) at
f = 2430 Hz. The experimentally measured main lobe is
shown by the dashed line, with its angle of peak scatter-
ing being shifted to —75°; some loss of acoustic energy is
observed, due to scattering into undesired directions. We
attribute these effects primarily to the finite width of the
metagrating, which is limited by the size of our experimen-
tal setup, and which leads to a narrow effective aperture
for such large reflection angles. As the aperture size of the
metagrating is reduced, the cancellation of unwanted Flo-
quet modes becomes poorer, and the efficiency is reduced.
This leads to a trade-off between the beam-steering effi-
ciency and the size of the metagrating, which is especially
serious at extreme reflection angles. It should be noted that
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the cancellation of the unwanted diffraction orders can be
exactly realized only in infinite metagratings. Similar per-
formance can be observed from the numerical results for
the lossless finite-length metagrating, as indicated by the
solid line in Fig. 2(c).

The experimentally measured and numerically predicted
efficiency values are 0.67 and 0.76, respectively. To inves-
tigate the cause of this difference, the thermoviscous losses
are also considered in our finite-element model. A simi-
lar angular scattering pattern is shown by comparing the
numerical prediction of the lossless (solid line) and lossy
cases (dash-dotted line). As in the infinite case, the effect
of thermoviscous losses is relatively insignificant, leading
to a reduction of 2.6% in the efficiency of the finite-
length metagrating. Therefore, the difference between the
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numerical and experimental results can be attributed to
the imperfect placement of the meta-atoms instead of the
effect of thermoviscous losses. In Fig. 2(d) we compare
the experimental scattering pattern with lossless numer-
ical results calculated with L reduced to 0.093 m. This
adjustment leads to better agreement in the peak scatter-
ing, and it predicts the side lobe, which appears at 15°.
The remaining disagreement may be attributed to other
sources of misalignment in the experiment. The beam-
steering performance of our metagrating greatly depends
on the Willis properties of the scatterer, which are deter-
mined by its geometric parameters. Reduction in efficiency
and shift of reflection angle as well as the operating fre-
quency would be induced by the misalignment of a twist
angle B8 and an inaccurate dimensions of the samples,
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Numerical demonstration of reconfigurability of our metagrating. (a) Change of reflection angle 6_; by varying twist angle

B, with fo = 2430 Hz and H = 0.042 m; (b) change of operating frequency f; by varying angle 8, for reflection angle 6_; = —80° with
H = 0.0735 m; (c) change of reflection angle 0_; by varying distance H, with f, = 2430 Hz; and (d) change of operating frequency
fo by varying H, for reflection angle 6_; = —80°. For (c¢) and (d), B is fixed as 115°. Cross and circle markers in (a), (b), and (c)
indicate the parameters chosen for experimental validation. In all cases 6, = 30°, and the period L is adjusted along with 8 or H to
be consistent with f; and 6_.
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i.e., 74, i, and w,. The performance dependency on the
geometric parameters are discussed in Sec. 4 within the
Supplemental Material [32].

While the adjustment of L achieves good agreement
between the experimental and numerical results for a meta-
grating with six meta-atoms, these results differ from the
numerical results for an infinitely long metagrating. In par-
ticular, the main lobe of the finite structure occurs at —75°
with an efficiency of 0.7, whereas Eq. (1) predicts that the
—1 Floquet harmonic will propagate at _; = —80°, and
Fig. 1(c) predicts an efficiency of 0.99. To confirm that
the shift in angle and reduction in efficiency are due to the
finite-length metagrating, we perform a series of numerical
simulations with increasing number of meta-atoms N. The
method and numerical results are detailed in Sec. 2 within
the Supplemental Material [32], and show that increasing
N, to 25 leads to an efficiency of 0.93 at 6, = —79°.

III. RECONFIGURABILITY OF THE
METAGRATING

A. Control of reflection angle and operating frequency

To demonstrate the reconfigurablility of our metagrat-
ing, we vary f, the angle of each meta-atom’s aperture rel-
ative to the surface normal, and H, the separation between
the meta-atom and the hard wall, cf. Fig. 3(a). By varying
these two parameters, we show that a C-shaped meta-atom
of fixed geometry can perform anomalous reflection into a
range of different angles, and with a controllable operating
frequency. Note that we simultaneously vary the period L
according to Eq. (1) to remain consistent with the operating
frequency and reflection angle. We start by assuming an
infinite-length metagrating, and quantify performance as
the fraction of energy reflected into the —1 Floquet mode,
cf. Eq. (A4).

The numerical results presented in Fig. 3(a) show how
changing the rotation angle 8 of each meta-atom is able
to tune the angle of refraction, for a fixed operating fre-
quency of 2430 Hz. Alternatively, as shown in Fig. 3(b), by
modifying S the operating frequency can be varied, while
keeping the refraction angle constant at —80°. We note that
the difference between these two cases is determined by the
choice of L. In Figs. 3(c) and 3(d) we show results for an
alternative reconfiguration mechanism, where H is varied
to change f; and 6_, respectively.

Figure 3(a) shows that the metagrating operating at
Jfo = 2430 Hz with H = 0.042 m can achieve anomalous
reflection with high efficiency, i.e., R > 0.9, tuned over
a wide range of reflection angles from —30° to —72° by
adjusting 8. The optimal operating frequency at an extreme
steering angle 6_; = —80° can also be tuned by adjust-
ing B. The effect of this rotation can be understood via its
influence on the effective polarizability of the meta-atom.
Figure 3(d) demonstrates that for larger H the operating
frequency is reduced due to the increase in accumulated

phase between the meta-atom and the hard wall, mean-
ing that the cancellation of specular reflections occurs at a
lower frequency. Figure 3(c) shows that a larger separation
H leads to efficient reflections at larger angles.

B. Experimental demonstration of reconfigurability

To experimentally demonstrate the reconfigurability of
the metagrating, eight designs are chosen, indicated by the
cross (x) and circle (o) shown in Fig. 3. The full design
parameters of each metagrating are listed in Tables I and
II in Sec. 8 within the Supplemental Material [32]. The
same markers are used in Figs. 4(a) and 4(b) to represent
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FIG. 4. Efficiency of anomalous reflection for different config-
urations of the acoustic metagrating. (a) Comparison between
the numerical (A) and experimental (x) efficiency for differ-
ent reflection angles 6_; at fy = 2430 Hz (see Table I for all
parameters). (b) Comparison between the numerical (A) and
experimental (o) efficiency for different operating frequencies for
reflection angle 6_; = —80° (see Table II for all parameters).
Cross and circle markers are adopted in (a) and (b) to indicate
the corresponding experimental results of the acoustic metagrat-
ing whose configurations are selected from Fig. 3 for the control
of reflection angle and operating frequency, respectively.
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the experimental results of the corresponding configura-
tions indicated in Fig. 3. The comparison between the
numerically predicted (A) and measured (x) efficiency 7,
calculated from Eq. (B3), is shown in Fig. 4(a). It demon-
strates that the metagrating with C-shaped meta-atoms of
fixed dimensions can reroute the incident acoustic wave
into a wide range of reflection angles from 6_; = —32° to
—80° by adjusting the twist angle . Similar performance
is shown in Fig. 4(b) for the reconfiguration of the oper-
ating frequency. By tuning the twist angle of scatterers as
well as the corresponding period, the operating frequency
is shifted while the main lobes are still directed towards
—80°. Full data for the angular pattern of acoustic scat-
tering of each design are shown within the Supplemental
Material [32]. We note that for angles up to —52°, high
efficiency can be achieved with a small number of meta-
atoms. However, for larger angles, a larger number of
meta-atoms is required to achieve good efficiency, as dis-
cussed in Sec. II B, and Sec. 2 within the Supplemental
Material [32].

IV. CONCLUSION

A reconfigurable acoustic metagratings for high-
efficiency anomalous reflection, based on C-shaped meta-
atoms, is demonstrated numerically and experimentally.
The metagrating designs presented can effectively reroute
an incident acoustic wave towards extreme angles of
reflection having up to 99% efficiency. The C-shaped scat-
terers require less fine discretization while having reduced
fabrication complexity compared to conventional gradient
metasurfaces. It is also demonstrated that the metagratings
can be reconfigured to achieve efficient anomalous reflec-
tion over a wide range of reflection angles and operating
frequencies. This is achieved either by varying the twist
angle of the meta-atoms, or by changing their distance to
the backing hard wall. The demonstrated reconfigurabil-
ity of this structure is particularly promising for poten-
tial applications in acoustic holography, for high-accuracy
acoustic lenses and highly efficient sound barriers for noise
mitigation.
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