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Highly efficient abnormal reflection via underwater acoustic metagratings
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The manipulation of the various forms of behavior of acoustic propagation holds significant importance
in the realm of underwater acoustic communication and detection. Recent advancements have highlighted
the efficacy of metamaterials and metasurfaces in precisely shaping acoustic wave fronts. However, unlike
their counterparts in airborne environments, where air-solid boundaries are conventionally treated as rigid,
underwater metastructures face challenges due to fluid-structure coupling, inevitably leading to near-field
distortions. These distortions considerably impede the efficacy of manipulating acoustic wave fronts, espe-
cially at large angles. Here, we introduce an efficient underwater metasurface employing a grating structure
that utilizes an overarching optimization strategy. Distinct from previous studies, this strategy compre-
hensively addresses both nonlocal interaction among all subunits and fluid-structure interaction. The
employed methodology convincingly demonstrates the achievement of highly efficient abnormal reflec-
tions at various angles. The simulation results showcase an exceptional modulation efficiency exceeding
99% for the designed metagratings, encompassing a wide reflection-angle range of 45–85◦. Additionally,
experimental validation corroborates the effectiveness of these underwater metagratings. This study might
present an effective technique for advancing underwater acoustic devices, offering a valuable contribution
to the field.

DOI: 10.1103/PhysRevApplied.21.034015

I. INTRODUCTION

The manipulation of wave fronts in the desired ways
holds great significance in both physics and engineering. In
recent years, the development of metasurfaces has opened
up new possibilities for manipulating acoustic waves
[1–30]. Conventional metasurfaces are gradient metasur-
faces designed based on the generalized Snell’s law by
introducing local phase shifts for each unit [4–6,31]. How-
ever, the coupling among all the subunits of the gradient
metasurfaces, which sometimes can play a positive role in
the wave-field control, is neglected in the design methodol-
ogy. Consequently, the overall response of the metasurface
is affected, as is typically observed in reflection mod-
els, where the efficiency of the reflected waves gradually
diminishes with increasing expected angles [32].

To overcome the above limitations, the concept of the
acoustic metagrating has been proposed [33–36]. Acous-
tic metagratings are periodically arranged lattice structures
that are designed based on diffraction principles. In addi-
tion, acoustic metagratings consider the coupling among
subunits within the period, providing a nonlocal approach
to manipulating the acoustic field. This nonlocal design
offers the advantages of simplicity and efficiency compared
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to local-gradient designs. It has demonstrated excellent
performance in the design of an efficient metasurface in
air, achieving highly efficient anomalous reflection [15,33–
35,37]. The effectiveness of this approach is verified in
airborne metasurfaces, in which the air-structure bound-
ary can be reasonably treated as an ideal rigid bound-
ary due to the huge impedance mismatch, leading to a
close match between analytical solutions and simulated or
experimental results.

Recently, the nonlocal design approach has also been
extended into underwater acoustics [38,39]. It is note-
worthy that, despite significant breakthroughs in acous-
tics made by metasurfaces, theoretical and experimental
studies of underwater acoustic metasurfaces are still in
the initial stages of development. Compared to airborne
acoustic metasurfaces, the application of underwater meta-
surfaces faces substantial difficulties. This is primarily
due to the relatively small acoustic impedance difference
between solid structures and water, which prohibits the
treatment of structures in water as ideal rigid bodies. For
instance, an acoustic metagrating composed of iron cylin-
ders has been proposed to achieve directional control of
underwater acoustic waves. It has been found that the
elastic properties of the cylinders play a significant role
in influencing their ability to manipulate acoustic field.
Cylinders with identical geometric parameters but dif-
ferent materials exhibit distinct capabilities in reshaping
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acoustic wave fronts [40]. Thus it can be seen that the
interaction between metasurfaces and underwater acoustic
waves is more complex than for their counterparts in air.
The increased complexity makes it challenging to directly
apply existing metasurface design methods to underwater
acoustics, inevitably leading to performance degradation,
failure, and reduced efficiency in wave-front manipulation.
For instance, the effective deflection of acoustic waves
toward large angles becomes particularly difficult under
water.

In this study, we propose a distinct approach for design-
ing underwater metagratings, drawing inspiration from
airborne acoustics and carrying out modifications to better
suit the underwater situation. Considering the interactions
between water and solids, we have employed a combina-
tion of finite-element simulation and a genetic algorithm
to design and optimize the structural parameters, further
improving the performance of the metagratings. Compared
with previous research, we have adopted an overarching
design strategy, integrating considerations of the coupling
of units and fluid-solid interactions. By rational design of
the underwater metagratings, we have achieved anoma-
lous reflections at the desired angles of 45◦, 60◦, and
85◦. Our approach has overcome challenges in traditional
design methods for attaining large-angle anomalous reflec-
tion, with an efficiency exceeding 99% in the simulations.
Furthermore, to ensure the performance of the designed
metagratings, we have conducted experimental valida-
tions. The simulation and experimental results confirm the
effectiveness of the underwater metagratings, demonstrat-
ing their potential for applications in underwater acoustics
and biomedical ultrasound diagnosis. Additionally, the
optimization design strategy also showcases substantial
promise and provides valuable insights for future under-
water acoustic research and device advancement.

II. DESIGN STRATEGY

We have utilized the metagrating depicted in Fig. 1 to
achieve underwater anomalous reflection. In Fig. 1(a), the

periodically arranged grid structure is displayed for redi-
recting normally incident waves in the desired direction.
Figure 1(b) represents a unit cell of the metagrating, with a
periodic length of a. It comprises two rectangular grooves
(subunits) with depths l1 and l2, widths t1 and t2, and
spacing d. Designing the metagrating based on diffraction
theory has established that, for an incident angle θi, the
acoustic field conforms to the equation [31,34]

sin θr − sin θi = n
2π

ka
, (1)

where n = 0, ±1, ±2, . . . , ±∞ represents the diffraction
order and k is the wave number of the incident wave,
with θr denoting the reflection angle. Previous studies
have shown that under the assumption of completely rigid
structural boundaries, the parameters lm, tm, and d satisfy
[34,35]

ps(x, y) = A+
0 e−jk0x sin θi ejk0 y cos θi

+
∑

n

A−
n e−j (k0 sin θi+Gn)xe−jkyGn y , (2)

pm
g =

∑

n

Hnmcos [αnm(x − xm)]

× (
ej βnmy + e−j βnm(y+2lm)

)
, (3)

where ps is the acoustic pressure in the free field, pm
g is

the acoustic pressure inside the mth groove (where m is
the number of grooves), Gn = n2π/a is the wave num-
ber of the structure, A+

0 is the amplitude of the incident
wave, A−

n is the amplitude of the nth-order refractive
wave, xm is the position of the mth groove in the x direc-
tion, k0 is the wave number of the incident waves, and
kyGn =

√
k2

0 − (k0 sin θi + Gn)2 is the wave number of the
free field in the y direction. Hnm denotes the amplitude
of the nth-order component of the waveguide mode and

αnm = nπ/tm and βnm =
√

k2
0 − α2

nm are the wave numbers
in the x and y directions of the groove.
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FIG. 1. The functional schematic of the proposed underwater metagrating. (a) The schematic diagram of the abnormal reflection.
(b) The structural design parameters of the groove acoustic metagrating. (c) Schematic representations of the acoustic metagrating
under hard-boundary and coupling-boundary conditions. While the metagrating is considered rigid under the hard-boundary condition,
the interaction between water and the solid structure causes deformation of the structure, thereby not fulfilling the criterion for complete
rigidity. By regulating the interaction between the water and the structure, wave-front control can be effectively promoted.

034015-2



ABNORMAL REFLECTION VIA UNDERWATER. . . PHYS. REV. APPLIED 21, 034015 (2024)

Therefore, by adjusting the period a, the acoustic wave
front can be manipulated, redistributing the incident wave
front to the desired angle, while effectively suppressing the
reflections from other orders. The utilization of diffraction
theory incorporates the interactions within the units, avoid-
ing the design of unit discretization. This significantly
enhances the efficiency of the acoustic field manipulation.
Due to the inherent differences between the water and air
environments, it is difficult to achieve perfect rigid bound-
ary conditions in water. The structural vibrations induced
by the acoustic field can exert an influence on the acoustic
field itself. When acoustic waves interact with a structure,
vibrations are induced in the structure, resulting in alter-
ations to the surrounding acoustic field. These vibrations
introduce additional acoustic waves, modifying the propa-
gation direction and amplitude of existing acoustic waves.
As shown in Fig. 1(c), the stress and load within the struc-
ture excite acoustic waves in the environment, causing the
reflected waveform to be disturbed, which is different from
the reflection of rigid boundaries. In this paper, the fluid-
structure interaction (FSI) effect in water is employed,
i.e., considering the acoustic-structural interaction and the
interaction between different structural components. The
metagratings are optimized in the overarching design to
achieve efficient wave-front regulation.

The metagratings have been designed and validated
using MATLAB and COMSOL MULTIPHYSICS. The simulation
considers the background medium as water with a density
of 1000 kg/m3 and an acoustic velocity of 1414 m/s. The
structure is made of steel, with a density of 7850 kg/m3,
a Young’s modulus of 205 GPa, and a Poisson ratio of
0.28. For other materials, similar methods can be employed
to achieve high-efficiency wave-front manipulation. The
interaction between the water and structure is considered
by incorporating the acoustic-structural coupling module
within the multiphysics framework. This module estab-
lishes a connection between the acoustic pressure varia-
tions in the fluid domain and the structural deformations
in the solid domain. The acoustic pressure in the fluid
can exert fluid loading on the solid (structure), while the
structural acceleration is applied as the normal acceleration
across the fluid-structure interface to the water. Conse-
quently, the coupling involves considering both the loads
on the structure due to acoustic pressure and the structural
acceleration imposed on the fluid domain [41], which can
be described by the boundary conditions

FA = ptn (4)

− n ·
(

− 1
ρc

∇pt

)
= an, (5)

where FA is the load borne by the structure, pt is the total
acoustic pressure, and n is the surface normal. The normal
acceleration an = (n · u)ω2, where u is the displacement

vector of solids and ω is the angular frequency of acoustic
waves.

To ensure that the designed metagratings can effi-
ciently operate over a wide range of angles, includ-
ing extreme angles, the desired directions for anomalous
reflection are set as 45◦, 60◦, and 85◦. Due to the com-
plexity of underwater acoustic environments, obtaining
an analytical solution through forward design is chal-
lenging. Therefore, the reverse-design approach has been
adopted in our research approach. First, we employ the
air-based approach combined with diffraction theory and
the genetic algorithm (GA) to determine the structural
parameters of the metagratings, which we refer to as air-
based metagratings. Based on the aforementioned theory,
we can search for parameters l1, l2, t1, t2, and d at dif-
ferent expected angles. The objective function is defined
as f = abs

(
1 − ∣∣A−

−1/A+
0

∣∣2
)

→ 0, in order to eliminate
unwanted diffraction order and search for the desired
structural parameters. Subsequently, the structural param-
eters obtained from the air-based metagratings are inte-
grated into the multiphysics coupling model that considers
the fluid-structure interaction. These parameters serve as
the initial values for optimizing underwater metagratings.
Finally, the performance of the metagratings is optimized
using finite-element simulation. The objective function for
the optimization process is the reflection coefficient, which
is aimed at maximizing the reflection efficiency of the
underwater metagratings. In this study, the metagrating
thickness has been fixed at 2.8 mm and the transmission
has been neglected due to the dominant reflection of energy
rather than transmission through the metagratings.

III. SIMULATION RESULTS

Figure 2 showcases the field maps of the reflected wave
fronts after the normally incident acoustic waves (500
kHz) are modulated by the metagratings, propagating in
the desired direction. The modulation results for 45◦, 60◦,
and 85◦ reflections are displayed in Figs. 2(a)–2(c), respec-
tively. In the modeling area, the top and bottom boundaries
are set as perfectly matched layers (PMLs), which are
absorbing layers designed to reduce reflections, and the
left and right sides of the modeling area are set as periodic
boundaries.

The three panels in each of Figs. 2(a)–2(c), from left
to right, demonstrate the following conditions. Panel I
shows the air-based metagrating in an ideal environment
where the structure surface acts as a hard boundary. This
represents the behavior of the metagrating when there is
no interaction between air and solid. Panel II represents
the air-based metagrating in water. Here, the metagrat-
ing is placed in a water environment, and the interaction
between the air-based structure and water leads to changes
in the reflection response of the metagrating. Panel III
showcases the overall optimized underwater metagrating
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FIG. 2. The acoustic pressure fields of the anomalously reflected waves under normal incidence. The expected angle for anomalous
reflection in the three sets are (a) 45◦, (b) 60◦, and (c) 85◦, respectively. Panels I and II illustrate the reflection pressure fields of the
structure designed without considering fluid-structure interaction under ideal conditions (the structure surface is a hard boundary) and
in water (where the interaction between water and solid structures gives rise to unexpected orders of reflection). Panel III presents the
reflection acoustic field in water of the underwater metagrating. The metagrating has been designed while considering fluid-structure
interaction.

in water, where the desired reshaping performance of the
metasurface has been achieved.

By comparing panel I with panel II, it can be observed
that the fluid-structure interaction induces noticeable unex-
pected reflected waves in the anomalous-reflection acous-
tic field of the air-based metagratings. In panels II and III,
the reflection efficiency of the designed underwater meta-
gratings is evaluated in relation to that of the air-based
metagratings. It is noteworthy that the designed underwa-
ter metagratings exhibit consistent and stable efficiency
across a wide range of angles spanning from 45◦ to 85◦.
Furthermore, the underwater metagratings effectively sup-
press the occurrence of diffractive waves from unexpected
orders.

The quantitative results of the reflection efficiencies
for the 0th, −1st, and 1st orders of the metagratings are
shown in Fig. 3. Figures 3(a)–3(c) display the reflection
efficiencies for three observed angles, 45◦, 60◦, and 85◦.

To accommodate the significant differences in the data, a
segmented y axis is employed. The range of 0–2 mainly
represents the efficiency of unexpected reflections, while
the range of 2–100 represents the efficiency of expected
reflections. Notably, in Fig. 3(c), at the expected angle
of 85◦, the efficiency of the unexpected reflection orders
has already reached 48% (yellow bar). This suggests that
air-based metagratings exhibit a substantial occurrence of
reflections that deviate from the desired direction. The
same conclusion can also be demonstrated in Fig. 2(c),
as the superposition of reflected waves from other direc-
tions leads to a noticeably different acoustic field in panel
II compared to the other acoustic fields.

As the excepted angle increases, the air-based meta-
gratings maintain efficient anomalous reflection in the
hard-boundary-reflection model. However, in the underwa-
ter acoustic environment, the efficiency of the metagrating
designed without considering fluid-structure interaction

0

1

2

50

100

–1 0 1 –1 0 1 –1 0 1
0

1

2

50

100

0

1

2

50

100

R
ef

le
ct

io
n
 e

ff
ic

ie
n
cy

 η
%

R
ef

le
ct

io
n
 e

ff
ic

ie
n
cy

 η
%

R
ef

le
ct

io
n
 e

ff
ic

ie
n
cy

 η
%

(a) (b) (c)

Diffractive orderDiffractive orderDiffractive order

Air-based metagrating in the ideal environment Air-based metagrating in water

Underwater metagrating in water

FIG. 3. The anomalous-reflection efficiencies of metagratings under three conditions. Segmentation is set on the y axis to clearly
display data from different ranges. (a)–(c) Results corresponding to expected angles of (a) θ = 45◦, (b) 60◦, and (c) 85◦. The 0th, −1st,
and 1st diffractive orders are depicted for three conditions including air-based metagratings in the theoretical model (gray bar), the
air-based metagratings in water (yellow bar), and the underwater metagratings in water (blue bar).
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exhibits a decrease. This decrease is particularly pro-
nounced when θ = 85◦, with the efficiency of the air-based
metagratings experiencing a significant drop. A substantial
portion of energy is consumed due to undesired reflections.
The observed phenomenon can be attributed to the inten-
sifying interaction between acoustic waves and structures
as the reflection angle increases. As the angle becomes
larger, the contribution of the fluid-structure interaction
to the acoustic field becomes increasingly significant. In
contrast, by the rational utilization of FSI, the underwa-
ter metagratings consistently maintain a working efficiency
of 99%.

IV. EXPERIMENTAL DEMONSTRATION

The function of the underwater metagratings has been
experimentally verified using the setup described in
Fig. 4(a). The experimental setup included the following
components and procedures. A function signal genera-
tor (AFG3022C) was utilized to generate pulsed incident
plane waves at a frequency of 500 kHz, consisting of
five cycles to minimize environmental interference. The
pulsed incident signals were amplified using the power
amplifier (RF 2100L) to ensure an adequate signal strength
for the experiments. Steel underwater metagratings,
fabricated using computer-numerical-control (CNC)

technology, were employed to modulate the incident
acoustic waves, redirecting them to the desired reflection
angles of 45◦, 60◦, and 85◦. The parameter values, a, l1, l2,
t1, t2, and d, for the three metagratings were 3.999, 0.824,
0.515, 0.526, 1.155, and 0.338 mm, 3.266, 0.856, 0.436,
0.610, 1.242, and 0.277 mm, and 2.839, 0.983, 0.251,
0.263, 1.175, and 0.558 mm, respectively. The incident
range of the transducer (Olympus V389-SU) was 1.5 in.;
therefore, the sample height and the width have been set to
6 cm to cover the incident size of the transducer. In addi-
tion, the thickness was 2.8 mm, which aligns with the sim-
ulation presented in Fig. 2. The hydrophone (Onda HNC-
1500) and oscilloscope (PXI 5124 oscilloscope) have been
used for signal reception. The hydrophone measures the
signal at each measurement point within a 1-µs time frame.
An automated scanning platform controls the hydrophone
to scan the acoustic field in 0.5-mm and 0.25-mm steps. In
Figs. 4(e) and 4(f), the scanning step sizes along the x-axis
and y-axis are 0.5 mm and 0.25 mm, respectively. In Fig.
4(g), the scanning step size in the x-axis direction is fur-
ther refined to 0.25 mm to achieve a clear characterization
of the acoustic field. The selected scanning plane is taken at
the central cross section of the metagratings. Synchronized
transmission and reception setups ensure the precise align-
ment of the transmitted acoustic waves and the received
signals in time.
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FIG. 4. The simulation and experimental results of the reflected acoustic field of the underwater acoustic metagratings. (a) The
schematic diagram of the experimental system and samples, showing the lengths, widths, and thicknesses of the three samples. (b)–(d)
The transient simulation results of plane waves incident on the three underwater metagratings with the desired reflection angle (b)
θ = 45◦, (c) 60◦, and (d) 85◦. (e)–(g) The experimental results of plane waves incident on the three underwater metagratings with the
same desired reflection angles.
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The forms of behavior of the three overarching designed
underwater metagratings for reflection angles of 45◦, 60◦,
and 85◦ are shown in Figs. 4(b)–4(g). The transient simula-
tions are carried out to match the experimental settings and
measurement methods and the measurement locations are
carefully selected. The structural parameters of the meta-
gratings are identical to those of the metal samples. The
simulated acoustic fields are shown in Figs. 4(b)–4(d). Due
to the disparate time frames of acoustic wave interactions
within the structure, the duration needed to attain a sta-
ble reflected acoustic field varies. For the three expected
reflection angles, we have selected corresponding time
instances to facilitate the comparative analysis of the
steady-state reflected waves between the simulation and
experimental results. The width of the incident acous-
tic field area was 1.5 in. and the distribution size of the
experimental measurement points was 2 cm × 1 cm. We
have compared the experimentally measured acoustic field
Figs. 4(e)–4(g) with the corresponding spatiotemporal sim-
ulated acoustic field (in the blue box). Both results are in
good agreement, proving that the optimized underwater
metagratings have an efficient abnormal-reflection ability.

On the other hand, there may be some differences
between the simulation and experimental results.This
imperfect matching can be attributed to several factors, one
of which is the inability to fully guarantee the accuracy
of the measurement positions. Additionally, the machining
accuracy of the metagratings can also impact the efficiency,
potentially contributing to the mismatch between simu-
lation and experiment. In future work, we will further
explore high frequency and adopt more precise position-
ing and processing methods to improve the accuracy of the
experiment. The current metagrating is designed for a spe-
cific frequency, resulting in a narrow operating bandwidth
of 30 kHz with 97.5% efficiency. To broaden the operating
frequency range of the device, there might be a feasible
way to add more subunits within a period to increase the
freedom of manipulation. Furthermore, we recognize that
the thickness of the back plate can play a role in optimizing
the performance of the structure. By selecting an appropri-
ate thickness, we can reduce the duty cycle of the structure
and improve its overall mass density, thereby improving
the reflection efficiency of the structure.

V. CONCLUSIONS

In this study, we have aimed to design underwater meta-
gratings with efficient wave-front control. Considering the
fluid-structure interaction and interaction among subunits,
we have proposed an overarching optimization strategy for
the design of acoustic metagratings. Compared to previ-
ous design approaches, particularly in situations involving
large angles of abnormal reflection, our strategy demon-
strates superior operational performance. The simulations
and experimental validations have demonstrated that the

designed underwater metagratings exhibit a high wave-
front-modulation efficiency, with the anomalous-reflection
efficiency reaching more than 99%. The design strategy
proposed in this study provides a valuable reference for
the development of underwater acoustic detection tech-
nologies and devices, opening new avenues to facili-
tate hydroacoustic manipulation. In addition, this method
holds potential for enhancing acoustic stealth performance
and enabling biomedical ultrasound-directed diagnosis and
therapy.
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