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Abstract: We numerically and experimentally investigated the behavior of high-frequency under-
water ultrasounds reflected by gradient acoustic metasurfaces. Metasurfaces were fabricated with a
periodic array of gradient slits along the surface of a steel specimen. The finite element method was
adopted for the acoustics–structure interaction problem to design the metasurfaces and simulate the
reflected fields of the incident ultrasound. Our metasurfaces yielded anomalous reflection, specu-
lar reflection, apparent negative reflection, and radiation of surface-bounded modes for ultrasonic
waves impinging on the metasurfaces at different incident angles. The occurrence of these reflection
behaviors could be explained by the generalized Snell’s law for a gradient metasurface with periodic
supercells. We showed that at some incident angles, strong anomalous reflection could be generated,
which could lead to strong retroreflection at specific incident angles. Furthermore, we character-
ized the time evolution of the reflections using pulsed ultrasound. The simulated transient process
revealed the formation of propagating reflected ultrasound fields. The experimentally measured
reflected ultrasound signals verified the distinct reflection behaviors of the metasurfaces; strong
anomalous reflection steering the ultrasound pulse and causing retroreflection was observed. This
study paves the way for designing underwater acoustic metasurfaces for ultrasound imaging and
caustic engineering applications using pulsed ultrasound in the high-frequency regime.

Keywords: acoustic metasurface; underwater ultrasound; anomalous reflection; phase-gradient slits

1. Introduction

Metamaterials can manipulate and control waves in ways that are not possible for
conventional materials [1,2]. For example, negative refractive index materials that offer
possibilities for imaging and the control of waves at subwavelength scales can be realized
through metamaterials [3–5]. Over the past decade, inspired by fascinating capabilities
achieved by metamaterials, a family of two-dimensional (2D) artificial materials known as
metasurfaces has rapidly emerged [6,7]. These metasurfaces enable manipulation of the
propagation of optical and acoustic waves in nonconventional ways by introducing the
generalized Snell’s law for classical waves [8]. The ability to tailor efficient and diverse in-
terfacial acoustics–structure interactions makes acoustic metasurfaces particularly suitable
for manipulating sound in air and water [9,10]. The first application of metasurface analogy
can be traced to Alberich anechoic layers for efficient underwater sound absorption and
insulation [11–14]. Pioneering studies have also revealed that acoustic metasurfaces are
promising materials for controlling sound and have led to innovative applications via their
extraordinary wave behaviors [15–18]. In general, acoustic metasurfaces are composed of
artificially tailored subwavelength units capable of providing non-trivial local phase shifts
to engineer the wavefront or phase profile of impinging waves. Numerous types of units
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(also referred to as meta-atoms), such as Helmholtz resonators, labyrinthine structures, heli-
cal structures, coiling-up spatial structures, and membrane structures, have been designed
to build functional acoustic metasurfaces [19–23]. With these engineered meta-atoms, the
associated metasurfaces can passively reconstruct fascinating wavefront profiles, including
acoustic beam focusing, beam self-bending, acoustic vortex, sound diffusing, asymmetric
transmission, and acoustic carpet cloaking [24–29].

Therefore, phase-gradient acoustic metasurfaces with unique beam-steering properties
have attracted considerable attention. Gradient metasurfaces are formed by periodic arrays
of supercells with closely packed meta-atoms and varying geometric parameters. To achieve
the desired wavefront steering, the spatial phase gradient of the supercell must be carefully
modulated in accordance with the generalized laws of reflection and refraction. Using
the aforementioned meta-atom designs arranged in a supercell, the phase gradient can
be implemented by accumulating a phase shift based on tuning the propagation path or
controlling the phase delay of the resonances [30,31].

Rich physical effects are enabled by acoustic-gradient metasurfaces through distinct
arrangements and designs of the supercell and meta-atoms. According to the generalized
Snell’s law, a critical angle of the incident wave exists that defines the domain in which
anomalous reflection can occur. Beyond the critical angle, the metasurfaces transform
incident waves into surface-bounded modes [32]. Moreover, the reflection by acoustic-
gradient metasurfaces must simultaneously comply with the grating theory owing to the
supercell periodicity [33]. The condition of the periodic arrangement of the supercell
along the surface plane changes the impulsion of the incident wave such that the wave
energy may be diffracted as Floquet modes of different orders than the surface-bounded
mode. The combined effects of the gradient metasurfaces thus allow realization of acoustic
retroreflection and apparent negative reflection.

Most existing studies on acoustic metasurfaces have demonstrated acoustic responses
at the time-harmonic states, showing steady-state fields with continuous sinusoidal in-
cident waves in the low-frequency regime (0.1–10 kHz). However, many applications,
such as non-destructive evaluation and medical ultrasound treatments, utilize pulsed
ultrasound [34,35]. To benefit these potential applications, we demonstrate an underwater
acoustic gradient metasurface operating in the high-frequency regime (0.5 MHz) in this
study. Slit structures are utilized as meta-atoms owing to their simple configuration and
accessibility for fabricating meta-atoms of reduced sizes with sufficient accuracy. Using
pulsed ultrasound, we reveal wave-steering and splitting features, which exhibit the wave
information of the transient processes and behaviors of an ultrasonic pulse impinging
on the metasurfaces. We focus on the underwater reflection behavior of gradient-type
metasurfaces. Anomalous reflection, retroflection, negative reflection, surface-bounded
propagation, and energy splitting of an incident ultrasonic pulse by our acoustic gradient
metasurface are investigated and discussed. The results of this study are expected to have
some potential applications to the efficient search for an underwater ultrasound source via
passive detection of local acoustic pressure of the reflected field and production of a desired
underwater ultrasound field by one or more located sources through the extraordinary
reflection of the metasurface [36,37].

To validate the underwater acoustic gradient metasurfaces operating in the high-
frequency regime, pulsed ultrasound experiments are conducted. The efficiency and
resolution of the gradient metasurfaces depend strongly on the level of discretization in the
supercell. Good control of the phase change along the metasurface requires a dense array
of fine meta-atoms. However, the structures are difficult to scale down using conventional
fabrication approaches. To overcome this problem, we employ wire electrical discharge
cutting (WEDC) to fabricate closely packed fine-slit meta-atoms on the sub-millimeter scale.
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2. Materials and Methods
2.1. Structure and Finite Element Modeling Approach

Schematics of the underwater acoustic metasurface with subwavelength phase-gradient
silts are shown in Figure 1. The meta-atom is composed of stainless steel and has a slit
of width w and depth h1 with a circular bottom. The lattice constant is denoted as a. The
impinging ultrasound is transformed into a propagative waveguide mode in the slit, and
the waveguide mode radiates back to the water as a reflected wave. Therefore, the slit
depth is tailored to produce the desired local phase shift in the reflected wave. To fully
consider the acoustics–structure interaction, the steel domain is assumed to be an elastic
solid. Thus, the entire unit–cell model can be divided into solid and fluid parts with a
coupling interface.
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Figure 1. Schematics of the underwater acoustic metasurface with subwavelength phase-gradient
slits and the geometry of the associated meta-atom.

Here, the finite element (FE) method is employed to design the gradient metasurfaces
and simulate the transient propagation of the pulsed ultrasound in the system. An FE
formulation of the acoustics–structure interaction problems is adopted [38,39]. The weak
form corresponding to the governing equation of the acoustic pressure, p, in the fluid
domain, Ωf, is given by the following:

∫
Ωf

vf

(
∂2 p
∂t2 − c2

0∇T∇p
)

dV = 0, (1)

where vf is a weight function, c0 is the speed of sound in water, and ∇ is the gradient
operator in vector matrix form. In the FE solution approach, the model is meshed adaptively
according to variations in the fluid domain and divided into small elements connected by
nodes. Therefore, the pressure field and weight function are approximated by the standard
FE discretization as follows:

p = Nfp, vf = Nfcf, (2)

where Nf is the matrix of the fluid element shape functions, p is the vector matrix containing
the nodal pressures, and cf is the matrix of the nodal weights. By applying Gauss’s
divergence theorem and substituting Equation (2) into Equation (1), the FE formulation can
be obtained as follows after some manipulation:∫

Ωf

NT
f NfdV

..
p + c2

0

∫
Ωf

(∇Nf)
T∇NfdVp = c2

0

∫
∂Ωf

NT
f nT

f ∇pdS. (3)

In Equation (3), nf is the unit outward normal vector and nT
f ∇p is a scalar function that

describes the boundary conditions imposed on the domain boundary, ∂Ωf.
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For elastic wave propagation in the solid domain, Ωs, the weak form is associated
with Cauchy’s equation of motion and is given by the following:

∫
ΩS

vT
s

(
∇̃Tσ− ρs

∂2us

∂t2 + b
)

dV = 0, (4)

where vs is the vector weight function, σ is the Cauchy stress tensor, us is the elastic
displacement vector, b is the body force, ρs is the mass density of the solid, and ∇̃ is the
strain differential operator matrix. The elastic stress, σ, is related to the displacement, us,
by Hooke’s law as follows:

σ = D∇̃us, (5)

where D is the elastic stiffness matrix. Analogously, Equation (4) can be rewritten as an
FE formulation:∫

Ωs
NT

s ρsNsdV
..
d +

∫
Ωs

(
∇̃Ns

)T
D∇̃NsdVd =

∫
∂Ωs

NT
s σnsdS +

∫
Ωs

NT
s bdV. (6)

In this equation, d is the vector matrix containing the nodal displacements defined by the
discretization us = Nsd, and Ns is the matrix of the solid-element shape functions. The
term σns in the surface integral is a vector function that describes the imposed boundary
conditions, in which ns is the unit outward normal vector of the domain boundary, ∂Ωs.

At the boundary between the solid and fluid domains, denoted as ∂Ωsf, the normal
displacement and pressure are continuous. By introducing n = nf = −ns, the continuity
conditions at the coupled boundary are given by the following:

usn = ufn, (7)

σn = pn. (8)

In Equation (7), uf is the fluid displacement. Its second time derivative (acceleration of the
fluid particles) is related to the pressure as follows:

∇p = −ρf
..
uf (9)

where ρf is the fluid density. Using Equations (7) and (9), the boundary force term in
Equation (3) acting on the fluid can be rewritten as follows:

c2
0

∫
∂Ωf

NT
f nT

f ∇pdS = −ρfc2
0

∫
∂Ωsf

NT
f nTNsdS

..
d + c2

0

∫
∂Ω′f

NT
f nT

f ∇pdS, (10)

where the first term on the right-hand side represents the force exerted on the fluid by the
solid at the coupled boundary and ∂Ω′f denotes the uncoupled fluid domain boundary.
Similarly, using Equation (8), the boundary force term in Equation (6) acting on the solid
can be rewritten as follows:∫

∂Ωs
NT

s σnsdS =
∫

∂Ωsf

NT
s nNfdSp +

∫
∂Ω′s

NT
s σnsdS, (11)

where the first term on the right-hand side represents the force exerted on the solid from the
fluid side at the coupled boundary and ∂Ω′s denotes the uncoupled solid domain boundary.
Substituting Equation (10) into Equation (3) and Equation (11) into Equation (6), a system
of coupled second-order time-dependent differential equations of motion in terms of the
FE formulation can be obtained. This system is written in the abbreviated matrix form
as follows: [

Ms 0
ρfc2

0HT Mf

]( ..
d
..
p

)
+

[
Ks −H
0 Kf

](
d
p

)
=

(
Fs
Ff

)
, (12)
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where
Ms =

∫
Ωs

NT
s ρsNsdV, (13)

Ks =
∫

Ωs

(
∇̃Ns

)T
D∇̃NsdV, (14)

Mf =
∫

Ωf

NT
f NfdV, (15)

Kf = c2
0

∫
Ωf

(∇Nf)
T∇NfdV, (16)

H =
∫

∂Ωsf

NT
s nNfdS, (17)

Fs =
∫

Ωs
NT

s bdV +
∫

∂Ω′s
NT

s σnsdS, (18)

Ff = c2
0

∫
∂Ω′f

NT
f nT

f ∇pdS. (19)

Equation (12) is suitable for simulating the transient process of the coupled system.
To solve this equation, a direct integration method in the time domain can be applied.
The basic procedure is to sub-divide the response period time, T, into N intervals of time
step ∆t = T/N and then determine the solution of the equilibrium equation at each step.
When the external excitation is a time-harmonic with an angular frequency ω, the dynamic
equilibrium equation of the acoustics–structure coupled system in the steady state can be
expressed as follows:

[
Ks −ω2Ms −H
−ρfc2

0ω2HT Kf −ω2Mf

]¯
d
¯
p

 =

(
Fs
Ff

)
, (20)

where
¯
d and

¯
p are the amplitudes of the time-harmonic nodal displacements and pres-

sures, respectively.

2.2. Numerical Implementation

We implement the numerical calculations using the commercial FE solver package
COMSOL Multiphysics [40]. The acoustic pressure and structural mechanics interfaces
are used simultaneously to solve the acoustics–structure coupled system. To design the
gradient metasurface, we first calculate the scattered acoustic pressure field of the periodic
system with uniform meta-atoms excited by normally incident plane waves. Subsequently,
we gradually change the slit depth to determine the complete phase variation. Accordingly,
we can construct the phase-gradient supercell of the metasurface by tailoring the slit depth
of each meta-atom. Because of the spatial periodicity of the system, the Floquet boundary
condition is applied to one unit at the side boundaries. At the top side of the water
domain and bottom side of the solid domain, perfectly matched layers (PMLs) are applied
as extended domain boundaries to absorb the outgoing waves. By solving the coupled
equations with the boundary conditions, the steady-state response of the time-harmonic
reflected wave field is obtained.

To obtain the transient response of the underwater gradient metasurface, we build
full-wave models containing sufficient supercells and solve them using the time-dependent
coupled equations given in Equation (12). We establish a line source with a specified
incident angle to launch a directional Gaussian ultrasound pulse that impinges on the
designed metasurface. The ultrasound pressure pulse is expressed as follows:

ppulse(x, y, t) = p0(t)e−α((x−x0)
2+(y−y0)

2), (21)
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where α is the spatial decay factor, (x0, y0) are the coordinates of the line source center, and
p0(t) is the pulse amplitude with a center angular frequency ω and is given as

p0(t) = p0e−γ(
t−T0

β )2 sin ωt, (22)

where γ is the temporal decay factor, T0 is the mean pulse time, and β is a factor that
defines the pulse duration. To yield satisfactory numerical convergence in our simulations,
the discretized time step is set as ∆t = T/N = 2π/ωN with N = 20. Moreover, to cope with
the outgoing wave radiation in the model of finite extent, artificial plane-wave radiation
and low-reflection conditions are imposed on the corresponding boundaries of the fluid
and solid domains, respectively.

2.3. Fabrication and Experimental Method

We consider the metasurface operating at a frequency of 0.5 MHz, which corresponds
to a wavelength of approximately 3 mm in water. To achieve sufficient efficiency and
resolution of the gradient metasurface, the scale of the corresponding meta-atom must be
an order of magnitude smaller than the wavelength of the acoustic pressure, i.e., in the
sub-millimeter regime. In this study, we employ WEDC to fabricate gradient metasurfaces
on stainless steel specimens. The metal wire used for cutting is made of copper with a
diameter of 250 µm, which is able to manufacture a sequence of sufficiently narrow slits
and spacing to form the metasurface.

In the experiments, we send ultrasound pulses and measure the ultrasound signals
reflected by the underwater gradient metasurface in a water tank. Two identical immersion
ultrasonic transducers with a center frequency 0.5 MHz (A391S-SU, Olympus, Shinjuku,
Tokyo, Japan) are utilized to emit and receive the ultrasound signals. The two transducers are
appropriately positioned and oriented above the metasurface for the measurements. A pulser–
receiver (5072PR, Panametrics, Billerica, MA, U.S.A.) is used to generate a high-voltage pulse
that is sent to the emitting transducer to excite the ultrasound pulse. The ultrasound pulse
radiates into the water to impinge on the underwater metasurface, and the reflected signal is
detected by the receiving transducer and recorded using a digital oscilloscope.

3. Results and Discussion
3.1. Design of the Ultrasonic Underwater Gradient Metasurfaces

The gradient metasurface introduces local gradient-phase modulation and non-local
periodicity of the supercell array. Accordingly, the generalized Snell’s law that describes
the reflection of the metasurface can be expressed as follows [33,41]:

k0(sin θr − sin θi) =
dφ

dx
+ Gn, (23)

where k0 is the wavenumber, θi is the incident angle, θr is the reflected angle, dϕ/dx is the
designed phase gradient in which ϕ is the position-dependent phase along the metasurface,
and Gn is the reciprocal lattice vector originating from the non-local supercell periodicity.
We utilize a meta-atom with a slit as the building block to construct reflecting gradient
metasurfaces. Two meta-atom designs with different pitches (a = 592 and 540 µm) are
considered. Figure 2a shows the calculated reflected phase variation as a function of the slit
depth using normally incident background plane waves, where the slit width w = 360 µm.
For the w/a ratios considered, the phase varies approximately linearly with the slit depth.
Increasing the lattice pitch, a, increases the nonlinearity of the phase dependence on the slit
depth. Figure 2b illustrates the scattered pressure field in water of ten meta-atoms with
linearly varying phase modulation in the complete 2π range for the case of a = 592 µm. We
stress that the resulting reflection behavior via the metasurfaces is frequency (or wavelength
λ) dependent. First, the generalized Snell’s law with non-vanishing phase gradient and
reciprocal lattice vector states that the reflection is dependent on the wavelength (in terms
of k0 = 2π/λ). This means that incident waves with a different frequency will be reflected
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into a different angle. Moreover, the phase gradient dϕ/dx of the metasurfaces also changes
at a different frequency because the meta-atom shifts the reflected phase differently. These
effects lead to the frequency dependence of the reflection behavior of the metasurfaces.
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To consider the influence of the phase gradient, we have built two different supercells
(designs I and II) using meta-atoms with a = 592 and 540 µm, respectively, following the
strategy of phase profile engineering. Table 1 lists the arrangement of the meta-atoms
and the corresponding slit depths for the two supercell designs. The resulting supercell
periods in designs I and II are as = 5920 µm (with 10 meta-atoms) and 4320 µm (with
8 meta-atoms), respectively, and the corresponding design values of the phase gradient,
dϕ/dx, are 0.5 k0 and 0.6852 k0, respectively. According to Equation (23), design I yields
a critical angle θc,0 = 30◦ for the anomalous reflection when n = 0. For design II, the
critical angle is θc,0 = 18.35◦. Beyond the critical angle, a surface-bounded mode may
emerge. Simultaneously, Equation (23) allows higher-order diffraction. These higher-
order diffractions may encounter additional critical angles. These critical angles play a
crucial role in the resulting distinctive reflection behavior of the metasurfaces. In the
following section, we systematically discuss the underwater reflection behavior of the two
designed gradient metasurfaces using the results obtained from the frequency-response
and transient simulations.

Table 1. Slit depth of each meta-atom in the supercells of the metasurface designs I and II.

Design I
Atom No. 1 2 3 4 5 6 7 8 9 10

h1 (µm) 634 730 849 1009 1240 1457 1667 1812 1928 2018

Design II
Atom No. 1 2 3 4 5 6 7 8

h1 (µm) 260 411 543 677 810 998 1250 1513

3.2. Reflected Wave Manipulation via Underwater Phase-Tuning Slits

Figure 3 shows the calculated scattered pressure fields for plane waves impinging
on the infinite metasurface of design I at various incident angles. The results exhibit
distinct reflection behaviors for different incident angles, which involve diffractions of
different orders. For θi < θc,0 = 30◦, the reflected pressure field is mostly dominated by the
diffraction of order n = 0 of Equation (23), which results from the gradient-phase modulation.
However, when the incident angle is negative and sufficiently large, the diffraction of
order n = −1—which corresponds to the conventional Snell’s law of reflection—becomes
obvious in the reflected pressure field. Consequently, the reflected pressure field exhibits an
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interference pattern of the two diffracted wave beams. This reveals the decreased efficiency
of the anomalous reflection owing to the gradient-phase modulation with n = 0, where
an increasing portion of the incident pressure is not converted into the waveguide mode
in the slits and directly reflected by the metasurface as specular reflection (i.e., θi = θr)
when the incident angle increases. When the incident angle exceeds the critical angle (i.e.,
θi > θc,0), a dramatic change in the reflected angle is observed. The reflected pressure field
becomes dominated by the diffraction of orders n = −3 and −4, in which apparent negative
reflection arises. Similarly, when the incident angle further increases above the critical
angle, the diffraction of order n = −1 emerges again to take the place of the diffraction of
orders n = −3 and −4 in the reflected pressure field.
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Figure 4a shows the relationship between the reflected and incident angles using
Equation (23) with possible orders of diffraction for design I. Intriguingly, although many
possible diffraction orders exist, Figure 3 indicates that the gradient metasurface of design I
predominately reflects the incident waves only with diffraction orders n = 0, −1, −3, and
−4. These highly active diffraction orders correspond to anomalous reflections due to the
surface gradient-phase modulation (n = 0), specular reflection at a large incident angle
(n = −1), and apparent negative reflection beyond the critical angle, θc,0 (n = −3 and −4).
The other possible diffraction orders are much less significant in the resulting reflected
pressure fields regardless of the incident angle.

For design II, with dϕ/dx = 0.6852 k0, Figure 4b relates the reflected angle to the incident
angle via possible diffraction orders. In light of the criteria revealed in design I, the active
diffraction orders of design II dominating the reflected pressure fields are n = 0, −1, −2
and −3. These correspond to anomalous reflection due to the surface gradient-phase
modulation (n = 0), specular reflection at large incident angles (n = −1), and apparent
negative reflection beyond the critical angle (n = −2, −3). To examine these criteria,
Figure 5 presents the calculated scattered pressure fields for plane waves impinging on the
metasurface of design II at various incident angles. We observe consistent behaviors of
anomalous reflection, specular reflection, and apparent negative reflection in relation to the
reflected angles predicted in Figure 4b by the corresponding highly active diffraction orders.
Moreover, near the two critical angles—θc,0 = 18.35◦ and θc,–3 = 21.74◦—of diffraction orders
n = 0 and −3, respectively, the reflected angles change dramatically with the change in the
incident angle. When θc,0 < θi < θc,–3, the only allowed diffraction order for the apparent
negative reflection is n = −2; therefore, it governs the reflected angle and reflected pressure



Crystals 2023, 13, 846 9 of 19

field. When θi > θc,–3, the diffraction of order n = −3 dominates the reflected pressure field
until the incident angle increases and the specular reflection becomes obvious.
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Figure 4. Relations between the reflected angle and incident angle according to Equation (23) with
possible diffraction orders for the metasurfaces of design I (a) and design II (b).
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in the solid domain for plane waves impinging on the infinite metasurface of design II at various
incident angles.

To clearly observe the dependence of the reflected acoustic pressure distributions of dif-
ferent diffraction orders on the incident angle for the two supercell designs, Figures 6 and 7
show the steady-state full-wave results when a directional acoustic Gaussian beam (beam
width wb ≈ 7 as) impinges on the two metasurfaces of the finite supercells. Figure 6 corre-
sponds to the metasurface of design I and illustrates the reflected fields for the Gaussian
beam with incident angles θi = −70◦, −48.5◦, −15◦, 0◦, 15◦, 25◦, 35◦, 48.5◦, and 70◦. We
observe the evolution of the reflected beams caused by the different orders of diffraction
when the incident angle is varied. From the reflected fields, we observed that the subwave-
length meta-atom is sufficiently small to lead to negligible distorting effect on the reflected
beams by the roughness of the slits. The acoustic pressure reconstructs smooth wavefront
profiles in a short distance (within 1 or 2λ) from the grooving metasurface. When the
incident angle is negative and as large as θi = −70◦, the diffractions of orders n = 0 and
−1—which correspond to anomalous and specular reflections, respectively—are strong.
Reducing the incident angle to θi = −48.5◦ weakens the specular reflection and enhances
the anomalous reflection. When the incident angle is further decreased to θi = −15◦, only
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the anomalous reflection occurs to form a perfect retroreflection with an exact θr = 15◦.
Anomalous reflection dominance is observed in the incident angle range of θi =−15◦ to 15◦.
Increasing the positive incident angle to θi = 25◦, the diffraction of order n = −3 that corre-
sponds to the apparent negative reflection clearly emerges in addition to the anomalous
reflection. For incident angle θi = 35◦, which is beyond the critical angle of θc,0 = 30◦, the
diffraction of order n = 0 is completely suppressed, and two beams of apparent negative
reflection corresponding to n = −3 and –4 simultaneously occur to dominate the reflection
field. When the incident angle reaches θi = 70◦, only the apparent negative reflection
corresponding to n = −4 survives, along with the emergence of specular reflection.
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For the metasurface of design II, the reflected fields for the continuous Gaussian beam
with incident angles θi = −70◦, −43.3◦, −20◦, 0◦, 15◦, 20◦, 35◦, 43.3◦, and 70◦ are illustrated
in Figure 7. The evolution of the reflected beams caused by the different diffraction orders
when the incident angle varies is similar to that observed for design I. When the incident
angle θi = −70◦, diffractions of orders n = 0 and −1—which correspond to anomalous
and specular reflections, respectively—are clearly generated. When the incident angle
is reduced to θi = −43.3◦, the anomalous reflection along the normal direction (θr = 0◦)
dominates along with minor specular reflection. When the incident angle θi = −20◦, strong
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retroreflection by the diffraction of order n = 0 occurs with an exact θr = 20◦. For θi = 0◦

and 15◦, which are still less than the critical angle of θc,0 = 18.35◦, anomalous reflection
by the diffraction of order n = 0 dominates along with minor specular reflection of n = −1
and apparent negative reflection of n = −2. For θi = 20◦, which is in between the two
critical angles, θc,0 = 18.35◦ and θc,–3 = 21.74◦, anomalous reflection is suppressed, and
apparent negative reflection through diffraction of order n =−2 occurs as the retroreflection.
In addition, another obvious beam is observed at a large reflection angle. This reflected
beam, corresponding to no diffraction order, originates from the radiation of the surface-
bounded mode. When the incident angle is larger than the critical angle of θc,–3 = 21.74◦,
the diffraction of order n = −3 emerges as an apparent negative reflection and dominates
the reflected fields, as shown in the cases of θi = 35◦ and 43.3◦. However, when the
incident angle reaches θi = 70◦, the apparent negative reflection becomes weak and specular
reflection becomes very strong.

We note that diffraction patterns in the reflected fields can be ubiquitously observed
in our simulated results (see Figures 6 and 7). The occurrence of the diffraction effects is
due to the fact that the metasurfaces are composed of a sequence of subwavelength slits.
According to the Huygens–Fresnel principle, diffraction happens when incident waves
are reflected by these slit structures. These multiple, closely spaced slits result in complex
diffraction patterns of varying intensity. Obvious diffraction patterns can be seen near the
edges of reflected main beams. The presence of the diffracted fields can be observed right
above the metasurfaces when reflection occurs.

3.3. Time-Resolved Reflected Pulsed Ultrasound Pressure Propagation

To observe the transient process of reflection, the simulated results of the explicit time-
dependent underwater ultrasound pulses impinging on the metasurfaces are shown in
Figures 8 and 9. An ultrasound pulse with a central frequency of 0.5 MHz is created by a line
pressure source (using Equation (21) with α = 5400 m–2, β = 2.4 µs, and γ = 1) from different
incident angles to the metasurfaces. The time duration of the pulse is approximately
10 µs. We begin our discussion with the case of design I in Figure 8, where the simulated
reflection processes with incident angles θi = −70◦, −15◦, 0◦, 15◦, and 48.5◦ are illustrated
(see also Supplementary Movies S1, S2, S3, S4, and S5). These incident angles are used to
characterize the reflection of the ultrasound pulse due to diffraction of different orders. As
shown in Figure 8a, when θi = −70◦, we observe two obvious energy groups reflected by
the metasurface. These are generated by anomalous and specular reflections, and their
phases propagate along the directions corresponding to the diffraction of orders n = 0 and
–1, respectively. The energy group of the anomalous reflection is severely dispersive along
the altitude owing to the large incident angle. In addition, a sequence of delayed weak
energy groups that follow behind the first energy group of specular reflection are also
observed. We attribute this delayed specular reflection to the discontinuous re-radiation
of the multiply reflected waveguiding acoustic pressure in the slits of the metasurface.
When θi = −15◦, 0◦, and 15◦, we observe that most of the incident energy is reflected in
the direction corresponding to the anomalous reflection (by the diffraction of n = 0), as
shown in Figure 8b–d. However, little specular reflection is observed. Owing to their zero
or small incident angles, the spatial dispersion of the main reflected energy groups is much
smaller. It is noted that for the case of θi = −15◦, the main reflected energy group is along
the retro-direction of incidence. Figure 8e shows the results for θi = 48.5◦. We consider
this incident angle because it is predicted to yield an apparent negative reflection (by the
diffraction of n = −4) along the retro-direction of incidence. Intriguingly, the simulated
transient results show that the energy group of the apparent negative reflection in the retro-
direction is highly dispersive. Continuous delayed negative reflection leading to energy
group dispersion is observed after the ultrasound pulse impinges on the metasurface.
Simultaneously, delayed specular reflection following behind the first energy group of
specular reflection also occurs. This again shows that the incident acoustic energy can be
temporarily trapped by the waveguiding slits of the metasurface and re-radiate in groups
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back to the water above after experiencing multiple reflections in the slits. For this incident
angle, this effect is considerable.
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Figure 9 shows the transient results for the metasurface of design II. The considered
incident angles are θi = −70◦, −43.3◦, −20◦, 0◦, 20◦, and 43.3◦ (see also Supplementary
Movies S6–S11). Overall, we observe similar reflection phenomena to those in design
I. When the incident is a large negative value of θi = −70◦, diffraction of n = 0 and −1
dominates the reflected field, where the metasurface reflects the incident pulse into two
dominant energy groups with phase velocities along the anomalous and specular directions
(see Figure 9a). By decreasing the incident angle to θi = −43.3◦, the anomalous reflection
along the normal direction is enhanced, while the specular reflection is significantly sup-
pressed, as shown in Figure 9b. For θi = −20◦, strong retroreflection occurs with relatively
little dispersion of the reflected energy group, as shown in Figure 9c. Compared with
design I, design II provides a larger incident angle for the occurrence of strong anomalous
retroreflection. For normal incidence θi = 0◦ in Figure 9d, we observe that the anomalous
reflection still dominates, accompanied by minimal diffraction of n = −1 and −2 (specular
and apparent negative reflection, respectively). When θi = 20◦, which is between the two
critical angles of θc,0 and θc,–3 (diffraction of n = 0 and −3 is not allowed), a complex
reflected field is observed (see Figure 9e). Because this incident angle is beyond the critical
angle θc,0, a surface-bounded mode is allowed in this case. Consequently, the reflected field
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is mainly composed of reflected energy groups along three directions: anomalous reflection
along the retro-direction (by diffraction of n = −2), specular reflection with θr = 20◦ (by
diffraction of n = −1), and re-radiation of the surface-bounded mode with an ultra-large
reflected angle. For θi = 43.3◦ shown in Figure 9f, the reflected field is simultaneously gov-
erned by the diffraction of n = −1, −2, and −3, and thus, specular reflection and apparent
negative reflection along the normal direction and retro-direction are observed. Again, the
energy groups of the apparent negative reflection are highly dispersive, and the delayed
weak energy groups follow behind the first energy group of the specular reflection.
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Figure 9. Simulated transient processes of explicit time-dependent underwater ultrasound pulse
impinging on the metasurface of design II along different directions of incidence. (a) θi = −70◦,
(b) θi = −43.3◦, (c) θi = −20◦, (d) θi = 0◦, (e) θi = 20◦, (f) θi = 43.3◦.
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3.4. Experimental Measurements of Reflected Underwater Pulsed Ultrasound

The experimental specimens of the metasurfaces fabricated using the WEDC method
are shown in Figure 10. Ultrasound experiments were conducted underwater with these
metasurfaces according to the approach described in Section 2.3. The time duration of the
used pulse is approximately 10 µs in the experiments. For the metasurface of design I,
we considered incident angles of θi = −15◦, 0◦, 15◦, and 48.5◦. Figure 11 shows the time
domain ultrasound signals of the reflection measured by the receiver transducer located at
different receiving angles, θrec (the angle from the normal line to the metasurface; clockwise:
+, counterclockwise: −). When receiving the signal in the retro-direction of the incident
ultrasound pulse, the emitter transducer also serves as a receiver transducer. In these
measurements, the origin of time, t = 0 (i.e., the time point of the incident ultrasound pulse
being launched) is defined by a trigger signal sent by the pulser–receiver at the same time
as the incident ultrasound pulse is launched. When θi = −15◦, the signals measured at
θrec = −30◦, −15◦, and 15◦ are compared in Figure 11a. The results show that the signal
due to anomalous reflection (n = 0) along the retro-direction θrec = 15◦ is the strongest
and that the specular reflection along θrec = −15◦ is secondary. In addition, the signal
along the irrelevant receiving angle θrec = −30◦ is minimal. When θi = 0◦, the measured
signals at θrec = −30◦, 0◦, and 30◦ are compared in Figure 11b. The results show that the
signal of anomalous reflection along θrec = 30◦ is the strongest, whereas the signals along
the other two angles are much weaker. When θi = 15◦, the strongest signal among all
the considered receiving angles is observed along θrec = 49.4◦, also originating from the
anomalous reflection, as shown in Figure 11c. The secondary signal is due to the emergence
of an apparent negative reflection along θrec =−47.5◦ (n =−3). Figure 11d shows the signals
recorded at θrec = −48.5◦, −14.5◦, and 48.5◦ when θi = 48.5◦. Because this incident angle is
beyond the critical angle, θc,0, anomalous reflection is completely suppressed. Instead, the
signals of apparent negative reflection along θrec = −14.5◦ and −48.5◦ due to diffraction of
orders n = −3 and −4 becomes dominant. However, as shown in Figure 8, the distribution
of the negative reflection field is spatially dispersive, and thus the measured signals are not
as strong as those of the anomalous reflection.
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Figure 11. Experimental time domain ultrasound signals of reflection recorded by the receiving trans-
ducer located at different receiving angles θrec for the pulsed ultrasound incident to the metasurface
of design I with an incident angle θi. (a) θi = −15◦, (b) θi = 0◦, (c) θi = 15◦, (d) θi = 48.5◦.

Figure 12 shows the measured reflection signals for the ultrasound pulse at different in-
cident angles impinging on the metasurface of design II. The considered incident angles are
θi = −43.3◦, −20◦, 0◦, 20◦, and 43.3◦. The recorded signals at receiving angles θrec = −43.3◦,
0◦, and 43.3◦ for incident angle θi = −43.3◦ are shown in Figure 12a. Obvious ultrasound
signals of the specular reflection (along θrec = −43.3◦) and anomalous reflection (along
θrec = 0◦) are observed. Comparatively, the anomalous reflection signal is stronger than that
of the specular reflection. For θi = −20◦, we consider receiving angles of θrec = −30◦, −20◦,
and 20◦. As shown by Figure 12b, a strong ultrasound signal of anomalous reflection along
the retro-direction θrec = 20◦ is observed, and clear specular reflection is also revealed by
the signal along θrec = −20◦. In addition, the signal along the irrelevant receiving angle of
θrec = −30◦ is minimal. For θi = 0◦, the receiving angles at θrec = −43.3◦, 0◦, and 43.3◦ that
correspond to diffraction orders n = 0, −1, and −2, respectively, are considered. As shown
in Figure 12c, the dominant signals are along θrec = 43.3◦ due to anomalous reflection by
diffraction of n = 0 and along θrec =−43.3◦ due to specular reflection by diffraction of n =−1.
For θi = 20◦, Figure 12d shows the reflected signals measured at θrec = −20◦, 20◦, and 75◦.
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It can be seen that the signal measured along θrec = 75◦ is strong. As illustrated in Figure 9e,
the ultrasound signal measured at a large receiving angle originates from the radiation of
the surface-bounded mode. In addition, the signals of retroreflection along θrec = −20◦ (by
diffraction of n = −2) and specular reflection along θrec = 20◦ (by diffraction of n = −1) are
also observed; however, these two signals are weaker than that from the surface-bounded
mode. Figure 12e shows the results for θi = 43.3◦ with θrec = −43.3◦, 0◦, and 43.3◦. These
receiving angles correspond to the directions of retroreflection, anomalous reflection, and
specular reflection, respectively, and clear signals of the reflected ultrasound are observed.
Owing to the spatial dispersion of the reflected wave energy distribution illustrated by the
simulated results in Figure 9f, the measured signals exhibit average strengths.
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4. Conclusions

We systematically studied the reflection behavior of underwater ultrasound by gra-
dient metasurface. We considered gradient metasurfaces composed of simple subwave-
length slits to operate at ultra-high frequencies. The numerical results demonstrated that
anomalous reflection, specular reflection, apparent negative reflection, and radiation of
surface-bounded modes could be produced for ultrasonic waves with different incident
angles impinging on the metasurfaces. The occurrence of these reflection behaviors could
be explained using the generalized law of reflection for a gradient metasurface with pe-
riodic supercells. The overall reflected field associated with a specific incident angle was
governed by the allowed diffraction orders of the generalized law of reflection. For a certain
range of incident angles, a strong anomalous reflection could be generated, which could
lead to strong retroreflection at specific incident angles. Our study using pulsed ultrasound
revealed the time evolution of waves reflected by the metasurfaces. The simulated transient
reflection process demonstrated how the metasurfaces yield dispersive or distinct reflected
ultrasound fields. The measured reflected ultrasound signals further verified the reflection
behaviors of the metasurfaces, for which strong anomalous reflections and retroreflections
were observed. This study paves the way for the design and application of underwater
acoustic metasurfaces using pulsed ultrasound in the high-frequency regime.
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