SCIENCE ADVANCES | RESEARCH ARTICLE

APPLIED PHYSICS

Acoustic topological beam nonreciprocity via

the rotational Doppler effect

Quansen Wang't, Zhiling Zhou?t, Dongmei Liu't, Hua Ding?, Min Gu'*, Yong Li**

Reciprocity is a fundamental principle of wave physics related to time-reversal symmetry. Nonreciprocal wave
behaviors have been pursued for decades because of their great scientific significance and tremendous potential
applications. However, nonreciprocity devices have been based on manipulation of non-topological charge (TC)
in most studies to date. Here, we introduce the rotational Doppler effect (RDE) into the acoustic system to achieve
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nonreciprocal control of the TC beam. We use the metasurface to generate a vortex beam with a defined TC. By
rotating the metasurface with specific angular velocity, the wave vector of the transmitted wave obtains positive
and negative transition flexibly due to the RDE. As a result, isolated and propagating states of the vortex beam
can be realized by controlling the rotation direction, representing nonreciprocal propagation. Our work also pro-
vides an alternative method for the application of TC beams and the realization of nonreciprocity.

INTRODUCTION

Reciprocity is one of the most fundamental principles in wave physics
and is applied in electromagnetics (1), optics (2), and acoustics (3).
Note that reciprocal propagation describes when the excitation
source is exchanged with the observation point location. The re-
sponse of the transmitted port is symmetric. It also means that the
special transmission characteristic is closely related to the time-
reversal symmetry (4). Breaking this bidirectional transmission
characteristic, realizing unidirectional transmission plays a vital role
in many applications and has become a hotspot of current research.
For example, in the optical and thermal fields (5-9), unidirectionality
is mainly achieved by using additional phase changes (10, 11) or
special nonlinear effects (12-17). These approaches also offer an
entirely new way of thinking about the implementation of optical
computers and thermal energy control. In particular, the acoustic
nonreciprocal isolators is realized mainly by nonlinear mechanisms
through various effects (12-16). For example, an acoustic diode
is formed by coupling a superlattice with a strongly nonlinear me-
dium or a layer of ultrasound contrast agent microbubble suspen-
sion (12, 13), and the Zeeman effect is formed by introducing external
excitation to split the resonance mode, resulting in a change in the
wave vector state (16). These proposed nonreciprocal devices have
also brought new ideas in detection, imaging, and information ex-
change (13, 18-20).

In optics, Allen proposed a spin-independent polarization beam
in 1992, which has a spiral phase distribution of exp(im0) (21). Each
photon has “mh” orbital angular momentum (OAM), where m is
the OAM quantum number, i.e., the topological charge (TC). This
light beam with OAM is also called a vortex beam (VB). When the
observer and the VB rotate in the same or opposite direction, it is
found that the actually observed VB has a frequency shift compared
with the under static conditions, which shares a similar physical
principle with the linear Doppler effect due to the linear motion
of the source or observer. The difference is that the linear Doppler
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effect is caused by the linear motion in the Cartesian coordinate
system, while the deviation under the dynamic VB is caused by the
linear motion in the polar coordinate system. Consequently, this is
called the rotational Doppler effect (RDE) (22). The existence of the
RDE has also been verified in optics (23-26) and radio (27, 28).
Meanwhile, the cloaking of the object and the determination of the
rotating object’s rotation speed have been demonstrated by using
this unique property (29-32). Note that the TC beam exists not only
in transverse waves but also in longitudinal waves (33-35), which
means that the RDE also exists in sound waves. Gibson and colleagues
used the equivalent relationship of the acoustic-optic Doppler effect
to determine the measurement method of the rotation speed of the
black hole (36, 37), which provided a new idea for the application of
the RDE. In recent works, the isolation of plane electromagnetic
wave (TC = 0) has been well realized by combing space-time encoding
metasurface with RDE (38).

Inspired by the RDE in optics, we achieve nonreciprocal acoustic
isolation based on topological beam evolution by introducing RDE
to a passive metasurface. By using active control, the rotation of the
metasurface can be a new implementation of nonreciprocal isola-
tion. This way and research object are essentially distinct from the
previous studies. We extend the nonreciprocal research object from
the plane wave (TC = 0) to the sound beam with TC by exploiting
the rotational degrees of freedom of RDE. The isolated and propa-
gating states are respectively controlled with positive and negative
rotational direction and speed. Benefiting from the mechanical
rotation, we break the constraints of using nonlinear acoustic media
and nonlinear acoustic effects to achieve nonreciprocal acoustic
isolation. The fast and flexible evolution of the topological beam
between the propagation and isolation is realized. More essentially,
our research shows that the introduction of RDE can provide an
alternative solution for the manipulation and application of topo-
logical beams.

RESULTS

Principle of the acoustic RDE and nonreciprocal transmission
The prerequisite for generating the RDE is the generation of VB
with a defined TC. Several ways to generate VB have also been
reported in acoustics, such as spiral gradient plates (34), ultrasonic
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arrays (39), and Helmholtz cavities (35). We take the cascaded double-
opening Helmholtz cavity as an example to generate a VB with a
defined TC to meet the prerequisites for achieving the RDE. When
a plane wave passes through a static metasurface, a VB with a cer-
tain TC can be generated at the transmission port because of the
influence of the passive structure on the wave vector control (Fig. 1A).
With the initiation of structural rotation, the RDE is introduced
into the system. Affected by the rotational speed and direction, the
system behaves differently compared with the static situation, enabling
sound isolation and “deepening” of the vortex (Fig. 1, B and C).

To describe the influence of metasurface and dynamic degrees of
freedom on wave vector regulation and the evolution of the system,
we introduce a coordinate with k,, ,, Re(k;), and Im(k,) as three
perpendicular axes. The system behaves within three states: the vor-
tex state in the static structure (Fig. 1, A and D), the vortex isolation
state in the dynamic condition (Fig. 1, B and E), and the vortex
propagation state in the dynamic condition (Fig. 1, C and F). The
following describe the evolution process of each state. When a plane
wave passes through a static passive helical metasurface, the plane
wave is evolved into a VB with a certain TC (Fig. 1D). At this time,
the axial wave number k,evolves from ko (where ky = 2n/) is the
wave number and A is the excitation wavelength) into the propaga-

tion plane and satisfies k;; = \jké - kil (indicated by the gray arrow
in Fig.1D) (35). To provide additional dynamic degrees of free-
dom and RDE for the system and the transmission VB, we rotate
the structure by motor (Fig. 1, B and C). We can equate it to a stati-
cally emitted vortex sound beam into a substructure with a certain
spiral gradient (fig. S1). The effect on the transmitted vortex fre-
quency can be expressed as

R = g+ mL (1)

A TC=0 Metasurface

kz1 = \/ koz - k12,1

Tc=-1BTC=0 +0

ko =iy kiy = (k, —kg)’

when kg >k, -k,

where m is the TC, wg = 2nfis the angular frequency of the incident
plane wave, f is the excitation frequency of the incident wave, wg is
the angular frequency of the transmitted wave, Q = 2nf, is the angular
velocity of the mechanical rotation, and f, is the rotational speed of
the structure. We find that with the addition of the RDE, the system
exhibits a secondary change in the propagating wave number k,
which leads to a change in the acoustic energy flux at the transmission
port. The wave number and acoustic energy flux at the transmission
port can be expressed as (more details in notes S1)

(ko + k)* = k2 + ki )
2
1 km,n 2
z= 1- An 3
2po® | g I @

where kj is the wave number of the incident wave, kg = 2nf,m/Af is
the rotation wave number concerning the speed of the object, k. »

is the nth positive root of the equation W #p = 0> which is the
radial wave number of the waveguide, k, is the axial wave number,
and kg = ko + kg is the effective wave number. Equation 3 indicates
that when the direction of mechanical rotation is the same as the
rotational direction, the excitation wave number ky will decrease
because of the introduction of the rotational wave number kg, kegr =
ko — kr. When kg > ko — k; ; is satisfied, the axial wave number k,
evolves from propagation plane to isolation plane (indicated by the
blue arrow in Fig. 1E). The wave number k; is transformed from a
real number to a purely imaginary number. There is no energy
transmission at this time, and the acoustic isolation phenomenon is
formed. When the direction of mechanical rotation is opposite to the
vortex, the excitation wave number ky will increase, ke = ko — (—kg).

Crc=0 -0

Isolated

ko

Ky

km,n

kz3 =4 (ko + kR)2 - k12,1

Propagating

Fig. 1. Principle of nonreciprocal evolution. (A) Schematic diagram of the static condition without the RDE. (B) When the metasurface and the vortex rotate in the same
direction, the incident source is turned off without energy transmission. (C) When the metasurface and the vortex rotate in the opposite direction, the incident source
usually propagates. (D) When the plane wave passes through the passive helical metasurface, the propagating wave number k, evolves from kg to the propagating plane

(as indicated by the gray arrow). The propagating wave number satisfies k,; = ﬂkg - ka, where kq 1 is the radial wave number of TC=—1. (E) When a plane wave passes
through a metasurface that rotates in the same direction as the vortex, the rotation wave number satisfies kg > ko — k1,1. The propagation wave number k; evolves from
the propagation plane to the isolation plane. The isolation phenomenon produces no energy transmission at this time. (F) When a plane wave passes through a metasurface
that rotates in opposition to the vortex, the propagating wave number evolves only in the propagation plane. At this time, the sound wave can propagate normally.
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The VB can still propagate normally, and the phenomenon of vortex
deepening appears (Fig. 1C). The propagating wave number k,
evolves in the propagation plane and exists as a real number (indi-
cated by the purple arrow in Fig. 1F) (more details in note S1).

Generation of the VB

To prove the accuracy of the above theory, we verify it by using
numerical simulations and experiments. Since the realization of the
RDE presupposes the generation of an acoustic vortex wave with a
defined TC, we take the example of TC = —1, whose structure has a
three-dimensionally (3D) printed resin material made and operates
ata frequency of 2016 Hz (see Fig. 2A). The radial direction consists
of p rows, and each row of planes consists of g sectors. By changing
the width w of the straight pipe (Fig. 2B), the phase difference of the
two adjacent sectors can satisfy ¢ = 2n - | TC| /g, to generate a VB
with a certain TC at the transmission port. We take two rows of
eight sectors as an example to generate an acoustic VB with a
TC = -1 to meet the prerequisites for realizing the RDE. The experi-
mental setup and the experimental measurements are reported in
note S2 and Methods. Under static conditions, through the numerical
simulation of the proposed structure, the phase and acoustic ampli-
tude distributions at the z = A cross section (see Fig. 2, C and E)
demonstrate that our adopted structure can well generate acoustic
VB with defined TCs. Moreover, the phase and amplitude distribu-
tion measured experimentally at the same position is shown in
Fig. 2 (D and F, respectively). Our measurements also corroborate
the theoretical predictions of Fig. 2 (C and E), revealing the evolution
from TC =0 to TC = -1 (Fig. 1A). This also provides corresponding
guarantees for the implementation of the RDE.

Acoustic RDE
In the previous sections, it is shown that the structure we adopted
can well satisfy the preconditions for realizing RDE. To understand

the response of the RDE, we show the sound pressure spectrum at
different speeds (Fig. 3A), where the isotropic speed is positive and
the reverse speed is negative. The measurement method is described
in note S2 and Methods. With the start of the metasurface rotation,
the system is transformed from static to dynamic. In this case, re-
gardless of whether the metasurface rotates in the same or opposite
direction, the transmission signal has an offset on the frequency axis.
The offset and the rotational speed satisfy a specific mathematical
relationship in which the rotational speed and the transmitted vortex
frequency are strictly linear, while the reciprocal of the slope is the
same as the TC of the vortex (Fig. 3B). This proves that the same
RDE exists in acoustics as in optics. Moreover, our measurements
also verify the prediction of Eq. 1.

Nonreciprocal evolution of acoustic topological beam

When the system rotation starts, the RDE is introduced into the
system. To gain further insights into the response of the proposed
system, we show the sound field distribution for different rotational
speeds (see Fig. 4). The transmission acoustic amplitude tends to
decrease with increasing corotational speed due to the change in the
frequency of the transmitted frequency caused by the structure
rotation. When the speed reaches 6 rad/s, the sound field distribution
is close to zero, which shows the phenomenon of acoustic isolation
(see Figs. 1E and 4, C and F). To avoid the influence of friction
noise, we set a specific gap between the sample and the transmission
tube, which causes energy loss. Hence, the theoretical value is higher
than the experimental value (more details in note S3). Figure 4
shows only the change in sound amplitude and not the change in
the acoustic energy flux. To describe the influence of different rota-
tional speeds on system energy under dynamic conditions more
clearly (40), we characterize this effect by measuring the energy
corresponding to each mode at the same position and the total sys-
tem energy (see Fig. 5). As expected, the transformation of TC = 0
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Fig. 2. Vortex generator and VB. (A) Schematic diagram of the structure of the vortex generator composed of eight fan-shaped double-opening resonators (H= 0.5\ in
the z direction; A is the acoustic wave). (B) In the radial direction, a single structure consists of two layers of double-opening resonators (w is the width of the straight tube;
radial resolution R =2r). (C) Numerically simulated phase distribution at z= . (D) Experimentally measured phase distribution at z= . (E) Numerically simulated sound
field distribution at z=\. (F) Experimentally measured sound field distribution at z=A (A=17 cm in the air).
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Fig. 3. Experimental observation of the RDE. (A) Sound pressure spectrum at different speed conditions. (B) Effect of angular velocity on frequency. The measured
frequency shift follows a strictly linear relationship with angular velocity, satisfying the theoretical prediction of Eq. 1, and its reciprocal of the slope is the TC of the VB.
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Fig. 4. Evolution of the nonreciprocal state. (A to C) Experimental sound field distributions at a certain distance from the sample surface (z= ) and a speed of 2, 3, and
6 rad/s, respectively. (D to F) Simulated sound field distributions at a certain distance from the sample surface (z=12) and a speed of 2, 3, and 6 rad/s, respectively.

to TC = —1 is achieved with the introduction of the structure (see
Figs. 1D and 5A). When the rotational speed € is less than 6 rad/s,
the total energy of the system decreases with the increase of the
rotational speed in the same direction. However, the transmission
mode is still the same as the static mode, mainly TC = -1 (Fig. 5A).
It also proves that the research object of the RDE is the VB with
TC. With the continuous increase in the reverse velocity, the energy
of the main mode (TC = —1) in the system continues to increase,
and the phenomenon of vortex deepening appears (see Figs. 1F and
5A). When the speed Q is greater than or equal to 6 rad/s, the energy
corresponding to each mode of the system has wholly converged to
0, as has the total energy of the system (see Fig. 5B). That is, the
acoustic isolation function is achieved. Our measurements also
corroborate the theoretical predictions of Fig. 1E. Therefore, a

Wang et al., Sci. Adv. 8, eabq4451 (2022) 5 October 2022

reciprocal to nonreciprocal evolution is achieved when the rotational
speed reaches the target value. However, limited by the actual rota-
tional speed, theoretically, when the isotropic rotational speed
increases to infinity, the acoustic isolation function can be realized
over a wide range of frequencies. At this moment, the acoustic
isolation is affected only by the rotational speed.

To thoroughly verify the unidirectionality of the system, we
change the direction of rotation of the structure from isotropic
to reverse, which is equivalent to changing the direction of sound
wave propagation. At this point, the energy of each mode in the
system and the total energy of the system both show an increasing
trend. The system can realize normal transmission (see Fig. 5). We
have proven that sound insulation and acoustic nonreciprocity can
be achieved as long as the rotation direction and rotation speed of
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Fig. 5. Experimental characterization of the RDE. (A) Energy distribution of each mode at different speeds for different modes, where the energy of each mode tends
to decrease as the isotropic speed continues to increase. When the rotational speed Q is greater than or equal to 6 rad/s, the acoustic isolation phenomenon appears.
Here, “Empty” denotes the unstructured static case, and “Static” denotes the static case with structure. (B) Trend of the total system energy variation at different rotational
speeds. When the isotropic rotational speed Q is greater than or equal to 6 rad/s, the system shows acoustic isolation. When the rotational speed Q is less than 6 rad/s,

the system can transmit normally.

the structure meet certain conditions. The introduction of this
additional physical field also provides a great degree of control and
expansion space for control of the system.

DISCUSSION

We have proven through theory and experiment that the same
RDE exists in acoustics as in optics. The acoustic isolation and non-
reciprocal function of the two ports are realized by this unique phe-
nomenon. This function mainly uses the RDE to provide the system
with an additional degree of controllable freedom, which leads
to a change in the propagation state. The experimental results verify
the numerical simulations and theoretical predictions. This approach
also provides a new scheme for achieving acoustic isolation and
acoustic nonreciprocity. For different frequencies, the same phe-
nomena can be realized by modulating the rotational speed, which
provides a feasible approach for broadband acoustic isolation.

In addition, with the development of related fields such as
underwater communication (41, 42) and particle manipulation (43),
the application potential of topological beams has gradually emerged.
At the same time, our findings further expand the freedom of
acoustic manipulation and offer the possibility of acoustic logic
manipulation and the implementation of underwater acoustic
communication.

METHODS

Numerical simulations

The finite element method is used for the numerical study. The resin
used to make the samples and the waveguide for transmission were
modeled as acoustically rigid materials, where the mass density and
sound velocity of the air-filled domain were set to py = 1.21 kg/m’
and ¢ = 343 m/s, respectively. To simulate that the proposed metasur-
face can generate a VB with defined TC (see Fig. 2, C and E) and the
change in transmitted sound pressure under dynamic conditions
(see Fig. 4, D to F), it can be calculated using the frequency-domain
solver. For transmission pressure distributions under dynamic con-
ditions (see Fig. 4, D to F), we simulate the effect of RDE on the
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transmitted acoustic field by varying the excitation frequency of the
ideal VB in the same cylindrical waveguide (more details in note S1).

Experiments

The structure we designed is made of 3D-printed resin material; the
two sides of the structure are connected with acrylic tubes with an
inner diameter of 100 mm and a wall thickness of 5 mm. A mono-
chromatic sound wave is excited by a loudspeaker at one end and
propagates in the waveguide as a plane wave, exciting the interme-
diate sample. At the end of the waveguide, we filled the wedge-shaped
sponge so that the wave only propagates and does not reflect within
the domain. Under dynamic conditions, the metasurface is fixed in
the bearing, connected by a conveyor belt to the motor to rotate the
structure circumferentially (fig. S2). The rotation speed and direc-
tion of the structure are adjusted by changing the output amplitude
and positive and negative polarity of the DC-regulated power
supply. In both static and dynamic experiments, a '/4-inch-diameter
microphone (Briiel & Kjaer type 4187) and a multichannel analyzer
(Briiel & Kjer type 3160) were used to extract pressure and phase
information, and four '/g-inch-diameter microphones (Briiel & Kjer
type 2670) were used to measure energy information. Meanwhile,
we stick a highly reflective logo on the side of the sample to obtain
accurate rotational speed information. The rotational speed of
the structure is measured using laser velocimetry (more details
in note S2).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abg4451
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