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ABSTRACT

© Higher Education Press 2027

Acoustic vortices carrying orbital angular momentum, often generated
using metagratings, provide an effective approach for wavefront engineer-
ing, particle manipulation, and underwater information transfer.
However, most existing acoustic metagratings rely on fixed structural
configurations, which inherently restrict their tunability and multifunc-
tionality. Here, we propose a three-dimensional reconfigurable reflective
acoustic metagrating for dynamic manipulation of vortex fields. The
device consists of two gradient-depth air-groove supercells, in which the
reflection response can be actively reconfigured by tuning the depth of
paired grooves. Based on a generalized conservation principle of topological
charge in metagrating diffraction, we demonstrate controllable conversion
of incident acoustic vortex beams into reflected vortex states with different
diffraction channels. In particular, near-perfect switching between anoma-
lous reflection and specular reflection is achieved with high conversion
efficiency. In addition to structural reconfiguration, frequency-dependent
modulation provides an additional degree of freedom for dynamically
tailoring the reflected vortex field. Our results reveal a simple yet robust
mechanism for tunable vortex-beam reflection and offer a compact plat-
form for multifunctional acoustic devices, with potential extensions to
other wave systems such as electromagnetic and elastic waves.

Keywords acoustic vortex, reconfigurable metagrating, orbital angular
momentum, topological charge

~

{
\

{

s

P

/
/

\ =1

5 ]

- Waveguide

/N

“\ I"=1 I"'=-1 /
/S Waveguide
A

Reconfigurable metagrating

= Top view

-

1 Introduction

Vortices are ubiquitous in nature, ranging from atmo-
spheric tornadoes to fluidic whirlpools, and are intrinsically
associated with rotational motion and angular momen-
tum. Beyond classical fluid dynamics, vortex states can
also emerge in wave systems. In acoustics, such states
are referred to as acoustic vortices and are characterized

*Special Topic: Advances in Metamaterials: From Theory to
Applications Enabled by Functional Units (Eds.: Huanyang Chen,
Minghui Lu & Yangyang Fu).
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by helical phase fronts, a central phase singularity, and
the ability to carry orbital angular momentum (OAM)
[1]. These unique properties enable acoustic vortices to
transfer angular momentum to matter, thereby enabling
applications such as particle trapping [2, 3], acoustic
levitation [4, 5], and precise manipulation of cells or
micro-objects [6, 7]. Acoustic waves also remain the
dominant carrier for underwater communication because
electromagnetic and optical waves experience strong
attenuation and limited propagation distances in aqueous
environments [8]. Therefore, the efficient generation and
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flexible manipulation of acoustic vortex beams are of
considerable fundamental and practical importance.

Artificial metasurfaces have emerged as a versatile
platform for wave manipulation by planar arrays of
engineered subwavelength meta-atoms. Through tailoring
the local phase, amplitude, or impedance responses,
metasurfaces enable unprecedented control over wave-
fronts in both optical and acoustic systems [9-16]. In
particular, phase-gradient metasurfaces can impart
designed momentum shifts to incident waves, enabling
functionalities such as anomalous reflection and refraction
[17, 18], vortex-beam generation [19-23], asymmetric
transmission [24-28], flat focusing [29-32], and advanced
information-processing functionalities [33-36]. Neverthe-
less, conventional metasurfaces often suffer from
impedance mismatch with the surrounding medium,
thereby limiting the conversion efficiency toward the
desired scattering channel. Metagratings offer an alter-
native and highly efficient route for wavefront control.
Unlike deeply subwavelength metasurfaces that rely on
local phase accumulation, metagratings employ carefully
designed scatterers within a supercell to redistribute
energy among discrete diffraction orders. By suppressing
undesired diffraction channels while enhancing a selected
diffraction order, metagratings can achieve high-efficiency
anomalous reflection or transmission [37, 38]. Recently,
phase-gradient metagratings (PGMs) have been shown
to exhibit reflection and transmission characteristics
governed by the parity configuration of unit cells within
a supercell [21, 39]. This phenomenon, known as the
parity-reversal diffraction law, provides a compact
mechanism for controlling diffraction channels and has
been explored in both acoustic and electromagnetic
systems. These advances highlight the potential of meta-
gratings for efficient and flexible wavefront engineering.

Despite these developments, most reported metasurfaces
and metagratings [40-43] are based on fixed and often
geometrically complex architectures. Once fabricated,
their scattering responses are usually predetermined,
resulting in single-function or limited-function operation.
To overcome this limitation, dynamically tunable acoustic
metasurfaces and metagratings have been proposed for
beam steering and adaptive wave control. However,
many existing tunable designs rely on multilayer config-
urations, complicated unit-cell geometries, or intricate
modulation mechanisms, which may compromise
compactness, fabrication simplicity, and energy efficiency
[44, 45]. Recently, studies have shown that broadband
acoustic vortices can be manipulated by tuning the
reconfigurable multilayered metasurface with rotatable
blades [46]. These constraints pose challenges for minia-
turized acoustic information-processing systems and
large-scale practical deployment. Therefore, it remains
highly desirable to develop a simple, compact, and efficient
acoustic metagrating capable of reconfigurable vortex
manipulation.

In this work, we propose a three-dimensional reconfig-

urable reflective acoustic metagrating for dynamic
manipulation of acoustic vortex beams. The metagrating
is composed of two gradient-depth air-groove supercells
arranged in a volute-like reflective configuration. By
exploiting a generalized conservation principle of topo-
logical charge (TC) in metagrating diffraction [21], we
reveal how the OAM carried by an incident vortex beam
can be redistributed among selected reflected diffraction
channels. More importantly, the reflected vortex state
can be dynamically reconfigured by simply adjusting the
depth of an air groove within each supercell. This structural
modulation enables efficient switching between distinct
reflection modes, including anomalous reflection and
specular reflection, with near-perfect conversion efficiency
[42]. Furthermore, we demonstrate that the reflected
vortex field can also be tuned through the operating
frequency, providing an additional degree of freedom for
dynamic wavefront control. The proposed mechanism
combines the high-efficiency diffraction control of meta-
gratings with the reconfigurability required for multi-
functional vortex manipulation. Compared with conven-
tional fixed acoustic metagratings, the present design
offers a simpler and more compact platform with high
degree of freedom and excellent conversion efficiency for
tunable three-dimensional vortex reflection. The under-
lying principle is general and can be extended to other
wave systems, including electromagnetic and elastic
waves. Our findings deepen the understanding of vortex-
beam reflection in PGMs and provide a promising strategy
for developing reconfigurable acoustic devices for particle
manipulation, underwater communication, and acoustic
information processing.

2 Methods

2.1  Numerical simulations

All numerical simulations were performed using the
Pressure Acoustics, Frequency Domain interface in
COMSOL Multiphysics®. A port boundary condition
was applied at the entrance of the cylindrical waveguide
to excite the incident acoustic vortex, with the pressure
distribution prescribed as p oc J;(k,r)e®. The walls of the
cylindrical waveguide and the rigid skeleton of the meta-
grating were modeled as sound-hard boundaries. The
reflection coefficients for different diffraction orders were
extracted using the coupled-mode theory described in
Egs. (1)—-(5). The mesh was carefully refined with a
maximum element size smaller than one-sixth of the
operating wavelength. The reflection coefficients were
evaluated at the interface between the metagrating and
the air region, i.e., the plane z = 0.

2.2 Mechanical implementation

In the practical device, Ad; is continuously tunable via a
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Fig. 1 Schematicsofa3D reconfigurable volute-like reflective
acoustic metagrating in a cylindrical waveguide. (a) and (b)
Sketches of the reflective vortices. Two types of reflections
are generated when an acoustic vortex with TC /™ is incident
on the PGM with an intrinsic topological charge of I°.

sliding insert. The sliding insert consists of two fan-
shaped end plates whose geometries precisely match the
cross sections of the corresponding air grooves. The two
end plates are rigidly connected to two push rods, which
are in turn jointly fixed to a mounting plate. By manually
driving the mounting plate or using a stepper motor to
move it axially forward or backward, the two end plates
slide synchronously within their respective grooves,
thereby continuously and equally varying the effective
groove depth to d; + Ad;. The possible effects of gaps,
leakage, mechanical tolerance, and wall compliance are
negligible.

3 Results

3.1  Schematics of the proposed 3D PGM and the

mechanism of reconfigurable vortex

We first present the schematic design and operating
mechanism of the proposed reconfigurable PGM for the
manipulation of the vortex, as shown in Fig. 1. The sign
of the topological charge is defined with respect to the
propagation direction of the wave: a positive (negative)
topological charge indicates that the phase increases
counterclockwise (clockwise) when viewed against the
propagation direction, corresponding to right-handed
(left-handed) chirality. An incident acoustic vortex with
TC 1" =1 impinges on the proposed PGM composed of
two air-groove supercells (m =4). When the depth of
the tunable grooves is set to d, a reflected vortex wave
with the same TC (I" = 1) is generated, corresponding to
anomalous reflection with the same chirality as the incident
vortex, as shown in Fig. 1(a). By further tuning the

groove depth to d=d; + Ad;, the reflected vortex is
converted into a state with the opposite TC (I" = —1)
under the same incident excitation, corresponding to
specular reflection with the opposite chirality to the inci-
dent vortex, as displayed in Fig. 1(b).

We next describe the design principle of the acoustic
PGM, as illustrated in Figs. 2(a) and (b). The PGM
consists of two azimuthally arranged supercell groups,
where each supercell contains m =4 fan-shaped unit
cells. Figure 2(a) shows the cross section of the PGM
with radius R. Each unit cell has an angular width of
0 = 2n/(ml¢), where ¢ denotes the intrinsic topological
charge (ITC) provided by the PGM. Each unit cell is
composed of a fan-shaped sound-hard wall and a fan-
shaped air groove with angular width n#, where 5 is the
filling ratio. The inner and outer radii of the grooves are
R; =0.05) and R, = 0.38), respectively, where \ = 10 c¢m
is the designed wavelength in air. For simplicity, the
PGM is implemented by assigning gradient depths to
the air grooves, as shown in Fig. 2(b). The depth of the
Jth groove is defined as d; = (g4 5L) X\ j=1,2,---,m,
where ¢ is a scaling factor used to tune the overall phase
distribution of the PGM. In the present case, with
g=0.963, the groove depths are d;=8.18cm,
dy = 9.43 cm, dz = 10.68 cm, and dy = 11.93 cm. The depth
difference between two adjacent grooves is therefore
Ad =d;41 —d; = A/(2m). When an acoustic vortex beam
impinges on the PGM at the operating wavelength X,
with the corresponding wave number ky=2r/), the
wave entering the j-th groove accumulates a round-trip
propagation phase before being reflected back to the air-
PGM interface at z=0. The resulting phase delay is
u; = 2kod; — ¢, 2kod; is the propagation phase and ¢,
denotes the additional phase delay introduced when the
acoustic vortex is reflected at the interface between the
air groove and the waveguide, i.e., at the plane 2 =0.
The total phase accumulated by the acoustic wave
during its round-trip propagation within the groove
includes not only the propagation phase 2kod; determined
by the groove depth, but also phase discontinuities arising
from impedance mismatch at the groove opening, edge
scattering, and non-ideal rigid boundary conditions. ¢,
is precisely the correction term that accounts for this
deviation from ideal reflection behavior. Since ¢, is iden-
tical for all grooves, the phase difference between adjacent
grooves is determined solely by the depth gradient
A¢ = 2kgAd = 2n/m. Thus, the phase delay over one
supercell spans a complete 27 range, enabling the PGM
to carry an ITC of ¢ [21, 27]. As a result, an azimuthal
phase gradient is established at the interface.

The introduced phase gradient enables -effective
manipulation of the scattered wavefront and gives rise
to anomalous reflection governed by a generalized
conservation principle of TC, I'" 4+ nié = [*, [21] where ™
and [* denote the TCs of the incident and transmitted
vortex fields, respectively, and n is the diffraction order.

Qi Wang, et al., Front. Phys. 22(1), 013201 (2027)
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Fig. 2 Schematic diagrams of a 3D reconfigurable acoustic PGM and the global performance of its acoustic vortex reflec-
tion. (a) Top view of the reconfigurable PGM. (b) Concrete structure of the 3D reconfigurable acoustic metagrating with
varying air groove depth. (¢, d) Variation of the vortex reflection efficiencies with respect to Adi/\ and frequency f for the
n = —1 and n = 0 orders, respectively. The color bars represent the reflection efficiency ranging from 0 to 1 (Max = 1, Min =
0). The yellow circle (State 1) marks the condition where Ad; =0, corresponding to anomalous reflection into the n = -1
diffraction channel with a reflected topological charge 1" =1. The gray circle (State 2) marks the condition where

Ady = —0.13)\, corresponding to specular reflection into the n = 0 diffraction channel with " = —1.

Because the device operates in reflection, the reflected
vortex undergoes an axial reversal of propagation direction
relative to the transmitted vortex (+z— —z). In the
fixed laboratory coordinate system, the helical chirality
(phase rotation direction) of the vortex is mirror-
reversed with respect to the propagation direction.
Therefore, to correctly describe the topological charge of
the reflected vortex in a unified coordinate system, the
reflected topological charge [ and the hypothetical
transmitted topological charge [* are opposite in sign,
i.e., It =—[". Substituting this into the transmission
formula yields the reflected topological charge conservation
relation: 1" 4-ni¢ = —I". In this work, the incident vortex
carries I'" = 1, while the PGM provides an ITC of ¢ = 2.
Under the conventional phase-gradient configuration,
the dominant diffraction order is n = —1, thus yielding
I" =1, which corresponds to anomalous reflection of the
vortex. Although the n = 0 order corresponds to specular
reflection, this channel is generally suppressed because of
the phase-matching condition imposed by the well-
defined azimuthal phase gradient [40, 47]. Consequently,
a single incident vortex mode is usually converted into a
single fixed reflected mode.

To overcome this limitation, we propose a simple
reconfiguration strategy by tuning the depth variation

Ad; of an air groove within each supercell, namely the
groove #1 highlighted in light blue and indicated by the
red arrow in Fig. 2(b). Physically, this perturbation
modifies the local phase response at the two selected
grooves and introduces an additional phase difference,
thereby breaking the local phase-gradient symmetry of
the PGM [48]. As a consequence, the otherwise
suppressed n =0 diffraction channel is opened. The
coupling efficiency of this channel is strongly governed
by the resonant behavior of the guided mode inside the
air grooves. In particular, when the depth of the selected
grooves satisfies the Fabry—Pérot (FP) resonance condition
(i.e., the phase change produced by the vortex beam
traveling back and forth once in the groove is equal to
an integer multiple of 27), a standing wave is formed
inside the grooves, resulting in significant energy locali-
zation. At resonance, the reflected vortex is efficiently
coupled into the n =0 diffraction order, leading to
nearly perfect specular reflection. According to the
generalized conservation principle of TC, the reflected
vortex then carries a TC of I" = —1 for the n = 0 order.
The reflection coefficient is a key quantity for charac-
terizing wave transport in the PGM. Here, the reflection
coefficients are calculated using coupled-mode theory
[25, 49]. By placing the PGM inside a cylindrical waveguide
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with radius R = 0.4%, the total acoustic pressure field can p? = Z [A?’U exp (ik’;’“z) + BJ]?’U exp (—ik’;’“z)}

be expanded as a superposition of the incident vortex kv
mode and all reflected vortex modes: x Qb (kl:,ur) cos (k (¢ — Hj)) 7 (2)
pl = Z (67, 1in exp (iki’o‘z) where j=1,2,--- ,mi¢, A} and B} represent the
Lo complex amplitude of forward and backward waves in
+rb%exp (—iklz’az) ]Jl (ki’ar) exp (ilg) , (1) the unit cell, Q(k*vr) is the radial wave mode that is a

mixture function of the Bessel function and the
where 6, is the Kronecker delta function, Jy(kher) is Neumann function (Qi(kEvr) = Jix(kFr) + pu.Ni(kE"r)),
the Fth Bessel function, rb¢ is the reflection coefficient & =mm/0(m=0,1,2,---) is the angular mode number,
and the transverse wave number kF¥ and the coefficient
L 3 long ) pro are the wth solutions of the equation
and ky* =1/ (ko) — (k+%)? are the transverse and longitu- Q' (kE) | — s = Q' (K*"r) g, = 0, rtespectively. The

dinal wave numbers of the corresponding vortex mode, longitudinal wave number k5* is described as

of the reflected vortex mode for the a-th order, and kL«

respectively. Since only the fundamental mode and gkv = /(ko)? — (kf*)2. Using the acoustic impedance

f%rst—ord.er 'mode arel allow?d to propagate, the pressure |qlation v = — ﬁ % at z = d;, and applying the continuous
field within the j-th air groove (Ri<r<R; and boundary conditions of the pressure and velocity fields
0; < ¢ <0;+0) can be expressed as at z = 0, we have the following equations:

Ro2 1 —
> (B + 1) / Ty (k) Qi (KEr) rdr - il exp (il6;) 2 (M]j;osgfg) !
l,a el B

v v 9
= O cos(kEd;) - 5 (14 dk,0)

% (R; - (k]’ff) (Qr (K- Ry))? —% <R12 = <k],f>2> (Qk (kE"R))*

2
ani(age — e 31— () | )

, 3)

=33 KO sin (kv dy) - / " () Qi (KEVr) rdr - —ilexp (—il6)) eXp(_lllfg Cj’jgka) -1 @

R
i ko B

[
By numerically solving Eqs. (3) and (4), the reflection frequency f in the range 3.3 — 3.7 kHz for the n = —1 and
coefficients of the reflected vortex modes can be n =0 orders, as shown in Figs. 2(c) and (d). The results
obtained. The reflection efficiency of the reflected vortex reveal a pronounced transition in reflection efficiency at
mode RY*, defined as the ratio between the reflected the operating frequency f=3.43kHz, switching between

and incident power, is given by the two vortex states with reflected TCs of 1 and —1.
That is, the reflected vortex state switches between
Lo (. Lay* state 1 (marked with a yellow circle) and state 2
Lo real {//p (UZ ) |(Z_O)ds} (marked with a gray circle), as illustrated in Figs. 2(c)
RO = . and (d). We therefore focus on the case of f =3.43kHz

/ / P (v2") |(z=0)dS for the subsequent analysis.

R 2
real Uflz’a] / [Jl (kf«’ar)} rdr L2 3.2 lustration for the reconfigurable 3D acoustic vortex
= 0 o, 5

kin / f [ J, ( kmrﬂzr dr | | ) We calculate the variations in diffraction efficiencies for
= Jo " different orders and the achievable multiple reflection

effect as the depth of a pair of air grooves (Ad;) is
varied, using analytical equations and finite element
simulations (FES), with obtained results shown in

For the lossless system, the total efficiencies of all
reflected vortex modes are naturally normalized, i.e.,

YR =1 Fig. 3. Specifically, Fig. 3(a) shows the dependence of
Next, we evaluate the reflection efficiencies of the two the reflection efficiencies on Ad; /A for various diffraction
reflected vortex modes as functions of the air groove orders, where n = —1 and n =0 are marked in blue and

depth variation Ad; € [-0.5),0.5)\] and the operating red, respectively. In the simulations, the entire system is

Qi Wang, et al., Front. Phys. 22(1), 013201 (2027) 013201-5
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Fig. 3 Performance of dynamically tunable PGM on controlling the reflected vortex. (a) Relationship between the reflection
efficiencies and Ad; in the designed acoustic PGM, with both analytical (solid lines) and numerical (symbols) solutions at the
operating frequency of 3.43 kHz. (b) Incident acoustic vortex pressure field and phase distribution. (¢, d) Reflected acoustic
vortex pressure field and phase distribution with Ad; =0 and Ad; = —0.13)\, respectively.

immersed in air with a density of p=1.21kgm? and a
sound speed of ¢ = 343 m/s. The solid curves and discrete
symbols correspond to analytical solutions and simulation
results, respectively, which are in good agreement.
Clearly, when Ad; =1)/2(I =0,+1,£2,---), the gradient
phase structure remains intact, and diffraction is domi-
nated by the n= -1 order, achieving nearly perfect
anomalous reflection with an efficiency exceeding 96.0%.
By tuning Ad; to adjust the accumulated phase of w,
the FP resonance condition is satisfied, i.e.,

2k‘0(d1 + Ad1> — (15,« = 27rq, (6)

where ¢, = 0.7527 represents the additional phase delay
induced by acoustic vortex reflection at the interface,
and ¢=0,%1,£2,---. ¢, is obtained independently using
both analytical estimation and full-wave numerical simu-
lations, and can be further fine-tuned and validated
through fitting. In this case, when Ad; = (¢ — 1.26)%, the
diffraction is dominated by the n =0 order, yielding
near-perfect specular reflection with an efficiency exceeding
98.7%. It can be observed from Fig. 3(a) that the resonance
peak has a certain width. Even with a fabrication deviation
of +£0.03)\ (approximately 3 mm) in Ad;, the reflection
efficiency can still remain above 90%, indicating that the

design exhibits high robustness.

Next, we present the simulated pressure field and
phase distribution associated with multiple high-efficiency
reflections for the tunable PGM with varying Ad;, as
shown in Figs. 3(b)—(d). Evidently, upon comparing the
incident acoustic pressure field and phase depicted in
Fig. 3(b) with the reflected fields and phases shown in
Figs. 3(c) and (d), pronounced anomalous reflection is
observed for the case of Ad; =0 under acoustic vortex
beam incidence, as demonstrated in Fig. 3(c). Subse-
quently, by setting Ad; = —0.13), specular reflection can
be achieved, as displayed in Fig. 3(d). In addition to
visual inspection, the topological charge of the reflected
field should also be quantitatively verified. First, the
phase loop integration method can be applied: on a cross
section of the reflected field, a closed path C encircling
the central phase singularity is chosen. According to the
definition of topological charge, its
I" =5 ¢,V¢-dl. Second, modal decomposition of the
reflected field can be employed. In this work, the total
reflected field is expanded into a superposition of
reflected vortex modes using coupled-mode theory,
p =2 arh exp (—ikb2) Ji (khor) exp (il¢), ~where each
mode is labeled by the topological charge I and the

value is
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Fig. 4 Performance of dynamically tunable frequency on controlling the reflected vortex. (a) Relationship between the
reflection efficiencies and f in the designed acoustic PGM, for Ad; = —0.13)\. (b—d) Reflected acoustic vortex pressure field
and phase distribution at f = 3.441, 3.500, and 3.585 kHz, respectively.

radial order «. By solving the boundary-condition equa-
tions, the reflection coefficients r5* of each mode are
obtained, and subsequently the reflection efficiencies
RV, Tt is evident that the vortex reflection behavior
transitions from anomalous to specular reflection merely
by tuning the depth of a pair of air grooves. The afore-
mentioned discussion indicates that precise manipulation
of specific diffraction behaviors can be realized by
disrupting the local phase of imperfect PGMs.
contrast, under the condition of perfect PGMs with well-
defined phase gradient, the diffraction is invariably
governed by the n= -1 order. Conversely, under the
condition of imperfect PGMs lacking well-defined phase
gradient, when the groove depth satisfies the FP resonance
condition, the diffraction becomes dominated by specular
reflection of the n =0 order, with a reflection efficiency
approaching 98.7%. It should be emphasized that in
perfect PGMs, FP resonances occasionally emerge within
the grooves. However, they do not alter the diffraction
characteristics of the PGMs, specifically, the n =0 order
remains suppressed. This discovery provides theoretical
support for the development of tunable acoustic devices
based on phase gradient structures.

In

3.3 Dynamically tunable frequency on manipulating the

vortex

Furthermore, for Ad; = —0.13), the variations in diffraction
efficiencies for different orders and the associated multi-
reflection characteristics are investigated by tuning the
operating frequency f via the FES, as illustrated in
Fig. 4. Specifically, Fig. 4(a) depicts the relationship
between the reflection efficiencies of various diffraction
orders and f, i.e., n=—1 and n =0, which are denoted
by blue and red curves, respectively. As the operating
frequency is gradually increased from 3.3 kHz to 3.7 kHz,
the reflection efficiency of the n =0 diffraction order
initially rises to its peak value. Thereafter, both the
n=0 and n = —1 diffraction orders contribute jointly to
the overall response, and ultimately, the n = —1 diffraction
order gradually becomes the dominant component.

To intuitively demonstrate the frequency-dependent
dynamic manipulation of acoustic vortices, we present
the simulated pressure field and phase distribution asso-
ciated with multiple high-efficiency reflections of the
frequency-tunable PGM at distinct operating frequen-
cies, as shown in Figs. 4(b)—(d). As clearly observed
from the reflected acoustic pressure and phase distribu-
tion, high-efficiency anomalous reflection is achieved in

Qi Wang, et al., Front. Phys. 22(1), 013201 (2027)
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the designed PGM at f = 3.585 kHz under the incidence
of an acoustic vortex beam, as shown in Fig. 4(d). When
the frequency is further tuned to 3.500 kHz, high-efficiency
specular reflection emerges and coexists with the anomalous
reflection, as displayed in Fig. 4(c). Pure specular reflection
alone can be attained by adjusting the frequency to
3.441kHz, as shown in Fig. 4(b). It can be clearly
concluded that the vortex reflection behavior undergoes
a transition from anomalous reflection to specular reflection
via simple adjustment of the operating frequency. For
imperfect PGMs operating at f = 3.585 kHz, the diffraction
behavior is consistently governed by the n = —1 diffraction
order, resulting in a reflection efficiency close to 99.9%.
In this case, the 90% efficiency bandwidth is approximately
150 Hz (from 3.55 kHz to 3.70 kHz), indicating a broadband
operating range. Conversely, for imperfect PGMs at
f =3.441 kHz, the diffraction becomes dominated by
specular reflection of the n = 0 order, achieving a reflection
efficiency of approximately 98.4%. Under this condition,
the 90% efficiency bandwidth is approximately 40 Hz
(from 3.42 kHz to 3.46 kHz), revealing a narrowband reso-
nant response. Apart from structural reconfiguration
capabilities, this finding provides an innovative strategy
to dynamically manipulate the reflected vortex field, and
greatly promotes the development of frequency-tunable
acoustic devices built upon phase gradient metasurface
structures.

4 Conclusion

In summary, we have proposed a three-dimensional
reconfigurable reflective acoustic metagrating for
dynamic and multifunctional manipulation of acoustic
vortex beams. Based on the generalized conservation
principle of topological charge in metagrating diffraction,
the proposed gradient-depth air-groove supercells enable
controllable conversion of an incident vortex beam into
distinct reflected diffraction channels. By simply tuning
the depth of a selected pair of grooves, the local phase-
gradient symmetry can be modified, allowing efficient
switching between anomalous reflection and specular
reflection. Theoretical calculations and finite element
simulations verify the high-efficiency performance of the
proposed design. Nearly perfect anomalous vortex reflec-
tion with an efficiency exceeding 96.0% is obtained when
the original phase-gradient distribution is maintained,
whereas near-perfect specular reflection with an efficiency
up to 98.7% is achieved when the tuned grooves satisfy
the Fabry-Pérot resonance condition. We also demonstrate
that frequency modulation provides an additional mech-
anism for tailoring the reflected vortex state. These
results provide a simple, compact, and robust strategy
for reconfigurable acoustic vortex manipulation. The
proposed concept advances the physical understanding
of topological-charge conversion in reflective metagratings

and may find applications in acoustic particle manipula-
tion, underwater communication, and acoustic information
processing. The design principle may also be extended to
other wave systems, including electromagnetic, elastic,
and water waves.
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