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Despite a long history of studies, acoustic waves are generally regarded as spinless scalar waves, until
recent research revealed their rich structures. Here, we report the experimental observation of skyrmion
configurations in acoustic waves. We find that surface acoustic waves trapped by a designed hexagonal
acoustic metasurface give rise to skyrmion lattice patterns in the dynamic acoustic velocity fields (i.e., the
oscillating acoustic air flows). Using an acoustic velocity sensing technique, we directly visualize a Néel-
type skyrmion configuration of the acoustic velocity fields. We further demonstrate, respectively, the
controllability and robustness of the acoustic skyrmion lattices by tuning the phase differences between the
acoustic sources and by introducing local perturbations in our setup. Our study unveils a fundamental
acoustic phenomenon that may enable unprecedented manipulation of acoustic waves and may inspire
future technologies including advanced acoustic tweezers for the control of small particles.
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Introduction.—In helimagnetic materials, skyrmions
emerge as stable spin textures with whirling configurations
that are characterized by a real-space topological number,
called the skyrmion number [1–5]. The nontrivial topology
of spin textures gives rise to the stability of skyrmions.
Thus, skyrmions hold promise for applications in future
spintronic devices, such as data storage and logic devices,
due to their extremely small size, stability, and low energy
consumption in data manipulation [6–10]. Skyrmion-like
vectorial textures were discovered recently in photonics
[11–21] for the electric field [11,12,20] or spin [13,19]
configurations of photons. Besides, skyrmion-like photonic
spin textures in momentum space were also observed [18].
These discoveries unveil unconventional topological pho-
tonic modes which may be useful in robust information
processing, sensing, and lasing.
The emergence of photonic skyrmions relies on the fact

that photons are spin-1 particles and electromagnetic waves
are vectorial [22–26]. In contrast, acoustic waves have long
been regarded as spinless scalar waves that are supposed
not to support skyrmion structures. Here, we demonstrate
that skyrmion structures can also emerge in acoustic waves
by using the velocity fields of acoustic waves. The dyna-
mics of acoustic waves in air is described by the oscillation
of the local air pressure as well as the local air flow. The
latter, often denoted as the velocity fields of acoustic waves,
contains key physical properties of the acoustic waves (e.g.,
angular momentum [27–34]), although it has been largely

ignored in past studies. By exploiting the surface acoustic
waves (SAWs) supported by a planner metasurface, we
show that the acoustic velocity fields form a skyrmion
lattice pattern that originates from the designed hexagonal
symmetry of the metasurface and the evanescent nature
of the SAWs. The skyrmion lattice pattern is quite stable
yet can be manipulated by tuning the phase differences
between the acoustic sources in our setup. We further reveal
the topological robustness of the acoustic skyrmion lattice
against disorders by studying the effects of local perturba-
tions. The discovered acoustic skyrmion lattice unveils
unconventional fundamental features of acoustic waves
which may be useful in devices such as advanced acoustic
tweezers for the manipulation of small particles.
Acoustic skyrmion number.—Skyrmions correspond to

nontrivial configurations of a three-dimensional (3D) unit
vector field n⃗ in a two-dimensional (2D) plane. The real-
space topology is characterized by the skyrmion number S:

S ¼ 1

4π

ZZ
dxdyn⃗ · ð∂xn⃗ × ∂yn⃗Þ: ð1Þ

Nonzero skyrmion number S indicates nontrivial topology
which leads to the stability of skyrmion fields.
For acoustic systems, a straightforward scheme is to utilize

the velocity field, v⃗, to realize the skyrmion configurations.
The velocity field stands for the oscillating velocity of the air
flows, which is a key quantity in describing acoustic wave
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dynamics. The full wave equations for harmonic acoustic
waves including the velocity field are given by

iωρv⃗ ¼ ∇p; ð2Þ

iωp ¼ 1

ρc2
∇ · v⃗; ð3Þ

where ω, ρ, and c are, respectively, the angular frequency of
the acoustic wave, mass density, and sound velocity of
the medium. The latter two can be position dependent. The
above full wave equations indicate that acoustic waves
are more than just spinless scalar waves. Using the velocity
field v⃗, we can define the acoustic skyrmion number through
Eq. (1) by setting n⃗¼Reðv⃗Þ=jReðv⃗Þj. The acoustic skyrmion
number reflects the nontrivial warping geometry of the
velocity field which may deeply affect the stability of the
acoustic modes and the acoustic-matter interactions.
Realizing acoustic skyrmions through metasurfaces.—A

straightforward route towards acoustic skyrmions is to
utilize surface waves trapped on a 2D surface. For elastic
waves in solids, Rayleigh waves trapped on 2D surfaces are
a natural choice. However, for acoustic waves in air or
fluids, a rigid and smooth surface cannot support 2D
surface waves due to the longitudinal nature of acoustic
waves. Here, we exploit an acoustic metasurface with
periodically perforated holes to support the desired 2D
surface waves. This type of surface waves is referred to as

spoof surface acoustic waves (SSAWs), which originate
from the couplings between the acoustic waves trapped by
the subwavelength holes [35–41]. SSAWs are trapped by
the metasurface and decay exponentially into the air region
above the metasurface.
Analytically, dropping the time-dependence factor,

the pressure field of a SSAW mode can be described as
follows, p ¼ p0eiðkxxþkyyÞ−τz, if we consider only the
acoustic wave function in the air region (i.e., z > 0) which
is relevant to our experimental measurements. Here, p0 is
the wave amplitude and ðkx; kyÞ ¼ k⃗k is the in-plane
wave vector, while 1=τ gives the decay constant along
the z direction. The dispersion relation for the SSAWs is
k2k − τ2 ¼ ðω=c0Þ2, where kk ¼ jk⃗kj and c0 ¼ 343 m=s is
the sound velocity in air at ambient condition. From Eq. (2),
one obtains that v⃗ ¼ ðp0=ρ0ωÞðkx; ky; iτÞeiðkxxþkyyÞ−τz,
where ρ0 is the mass density of air at room temperature.
The ðπ=2Þ phase difference between the in-plane compo-
nents and the z component of the acoustic velocity v⃗
indicates the possibility of creating spiral velocity fields.
To realize the acoustic skyrmions, as depicted in

Fig. 1(a), we design a metasurface with hexagonal sym-
metry and use a setup with six pairs of speakers to excite
three pairs of counterpropagating SSAWs, which form
three standing waves along the θ ¼ 0°, 120°, and 240°
directions. The structure of the metasurface is shown in
Fig. 1(b). Each unit cell has a hole at the center with a

FIG. 1. Formation of acoustic skyrmions. (a) An acoustic metasurface with periodically perforated holes is utilized to support spoof
surface acoustic waves (SSAWs). The interference of SSAWs excited by six pairs of speakers leads to the acoustic skyrmion lattice.
(b) Structure of the acoustic metasurface. Left: top-down view. Right: the unit-cell structure of the acoustic metasurface. (c) Left: The
distribution of the acoustic velocity vectors of the propagating SSAWs. Right: The distribution of the acoustic pressure field in the x-y
plane (top) and the x-z plane (down). In the latter, the white region depicts the solid region of the acoustic metasurface. (d) The
experimental setup where six pairs of speakers are utilized to excite the acoustic skyrmion lattice.
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radius r ¼ 3.3 mm and a height h ¼ 30 mm where the
lattice constant is a ¼ 10 mm. The velocity and pressure
fields for a SSAW with k⃗k ¼ ð0.37; 0Þðπ=aÞ are shown in
Fig. 1(c), which indicate wave propagation along the x
direction with spiral acoustic velocity fields and wave
decay along the z direction.
Taking into account of the superposition of the three

pairs of counter propagating SSAWs, the acoustic velocity
fields form a skyrmion lattice pattern, which is described by
the following equation,

v⃗ ¼ 2p0

ρ0ω

X
n

ðkn;x sin k⃗n · r⃗; kn;y sin k⃗n · r⃗; τ cos k⃗n · r⃗Þe−τz;

ð4Þ

where k⃗n ¼ kk½cosð2nπ=3Þ; sinð2nπ=3Þ� for n ¼ 0; 1; 2 and

r⃗ ¼ ðx; yÞ. The six wave vectors of the SSAWs, �k⃗n, are
shown as the red dots in the Brillouin zone of the
metasurface in the inset of Fig. 1(b). Such a nontrivial
velocity field distribution can be probed by an acoustic
velocity sensor scanning on top of the metasurface in
our setup [see Fig. 1(d)] (see Supplemental Material [42]
for the details of the acoustic velocity sensor). In our
experiments, the three pairs of counterpropagating SSAWs
are excited by six pairs of speakers at the frequency of
2.37 kHz [see Figs. 1(a) and 1(d)].
Detecting acoustic skyrmions.—The skyrmion pattern of

the normalized acoustic velocity field, n⃗ ¼ Reðv⃗Þ=jReðv⃗Þj,
is shown in Fig. 2(a). Here, the skyrmion pattern defines
an emergent hexagonal lattice (termed as the skyrmion
lattice) with a lattice constant askm which is related to the

wavelength of the SSAWs, i.e., askm ¼ ð2= ffiffiffi
3

p Þ · λSSAW ¼
ð4π= ffiffiffi

3
p

kkÞ. The unit cell of the emergent skyrmion lattice
is depicted by the dashed hexagons in Figs. 2(a) and 2(b)
where the out-of-plane acoustic velocity vz reaches its
maximum value at the center of each skyrmion unit cell.
Within such a unit cell, the skyrmion number of the velocity
field is S ¼ 1. We remark that, although the velocity field
oscillates as a function of time, its amplitude and phase can
be well captured by using a data acquisition module in our
experiments. The 3D velocity field on the 2D metasurface
is measured by an acoustic velocity sensor mounted on a
moving stage (with steps of 2.5 mm in both the x and y
directions). We use the velocity sensor to detect the
amplitude and the phase of the x, y, and z components
of the velocity field separately, and then use these data to
construct the distribution of the acoustic velocity vector
(see details in the Supplemental Material [42]).
The measured distribution of the normalized acoustic

velocity field, n⃗, in Fig. 2(a) indicates a clear feature of a
Néel type skyrmion. Although the excited acoustic waves
are not perfect plane waves and they suffer acoustic
attenuations due to the intrinsic thermoacoustic damping,
remarkably, the experimental results clearly demonstrate
the formation of an acoustic skyrmion lattice. The cal-
culated and measured distributions of the out-of-plane
and in-plane acoustic velocity components, vz and jvkj ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2x þ v2y

q
, are shown in Figs. 2(b) and 2(c), respectively.

For these two components, the measured distributions of
the acoustic velocity agree fairly well with the calculated
distributions, confirming the emergence of the skyrmion
lattice pattern. In Fig. 2(d), we present the skyrmion
number density profile s ¼ n⃗ · ð∂xn⃗ × ∂yn⃗Þ extracted

FIG. 2. Experimental observation of acoustic skyrmions. (a) Experimentally measured acoustic velocity field that exhibits features of a
Néel-type skyrmion lattice pattern. Arrows indicate the normalized velocity field n⃗ ¼ Reðv⃗Þ=jReðv⃗Þj. (b) Distributions of the out-of-
plane velocity field vz from both calculation and experiments. (c) Distributions of the amplitude of the in-plane velocity field

jvkj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2x þ v2y

q
from both calculation and experiments. (d) The skyrmion number density profile s ¼ n⃗ · ð∂xn⃗ × ∂yn⃗Þ obtained from

the experiments (right) together with the skyrmion number density profile obtained from the theoretical calculations (left).
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from the experimental data together with the skyrmion
number density profile obtained from the theoretical
calculations. These two profiles agree with each other as
well. The skyrmion number S is the integral of the sky-
rmion number density over a unit cell of the emergent
skyrmion lattice. The experimentally extracted average
skyrmion number of the seven unit cells in the central
region of the system is S ¼ 0.956, which is fairly close to
the theoretical value of S ¼ 1.
Manipulation of acoustic skyrmion lattices.—We now

demonstrate how to manipulate the acoustic skyrmion
lattice by controlling the phases of the six pairs of speakers.
The acoustic skyrmion lattice is formed by the interference
of the SSAWs excited by the speakers and can thus be
manipulated by the phases of the six pairs of speakers,
which are denoted here as ϕm with m ¼ 1;…; 6. The six
pairs of speakers are numerated according to Figs. 1(d) and
3(a). We investigate two prototype configurations, I and II.
In configuration I, the phases of the six pairs of speakers are
set as the same, i.e., ϕm ¼ 0 for m ¼ 1;…; 6. For this case,
the measured lattice pattern of the out-of-plane acoustic
velocity vz is given in Fig. 3(a). In configuration II, we
set the phases as ϕ1 ¼ −ϕ4 ¼ π, ϕ2 ¼ ϕ6 ¼ ðπ=2Þ,
ϕ3 ¼ ϕ5 ¼ −ðπ=2Þ. For this case, the measured lattice
pattern of the out-of-plane acoustic velocity vz is given in
Fig. 3(b), which shows that the skyrmion lattice moves
along the (white) horizontal arrow by a distance of 1

2
λSSAW .

The shift of the skyrmion lattice can also be observed by

measuring the in-plane velocity amplitude, as shown in
Figs. 2(c) and 2(d). Tuning the phases of the six pairs of
speakers will not distort the skyrmion lattice but only
shifting the skyrmion lattice pattern if the phases satisfy
certain relations (see details in Supplemental Material
[42]). The distance and the direction of the pattern shift-
ing is determined by the phases ϕm with m ¼ 1;…; 6.
Therefore, these phases behave as the emergent degrees of
freedom for the skyrmion lattices. Besides, the shape of
acoustic skyrmions can also be tailored by tuning the
amplitude of the incident acoustic waves [21]. For instance,
increasing the amplitude of the standing wave in one
direction leads to the deformation of the acoustic skyrmion
lattice (see details in Supplemental Material [42]).
Robustness of acoustic skyrmion lattices.—The non-

trivial real-space topology of the acoustic skyrmion lattice
gives rise to the robustness of the acoustic velocity textures.
As shown in Fig. 4(a), we intentionally introduce defects on
the acoustic metasurface by using eight screws to block
the air holes near the center of the sample. These defects
lead to the scattering of the SSAWs and thus distort the
skyrmion lattice pattern of the acoustic velocity field.
However, experimental results shown in Fig. 4(b) indicate
that the skyrmion lattice pattern is negligibly affected by
the defects. Careful examination of the out-of-plane and
in-plane acoustic velocity fields in Figs. 4(c) and 4(d)
indicates that the acoustic velocity field patterns are only
slightly modified near the defects. With such strong defect

FIG. 3. Manipulation of acoustic skyrmion lattices by tuning
the phases of the SSAWs excited by the six pairs of speakers at
the boundaries [marked by 1–6 in the inset of (a)]. Two cases,
denoted as configuration I and II (see details in the main text), are
measured. (a) and (b), the out-of-plane velocity fields vz for the
configuration I and II, respectively. (c) and (d), the in-plane
velocity fields jvkj for the configuration I and II, respectively.

FIG. 4. Robustness of the acoustic skyrmion lattice. (a) A
defect made of eight screws blocking the air holes is placed on the
metasurface sample, which causes scattering of the acoustic
waves and distort the acoustic fields. (b) Experimentally mea-
sured acoustic velocity field for the sample with the defect. The
acoustic skyrmion lattice is negligibly affected. Arrows indicate
the normalized velocity field n⃗ ¼ Reðv⃗Þ=jReðv⃗Þj. (c) and (d) The
measured out-of-plane and in-plane velocity field distributions,
showing slight deformations near the defect (the dashed paral-
lelogram).
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effect, the experimentally extracted average skyrmion
number of the seven skyrmion unit-cells in the central
region of the system is S ¼ 0.963, which has very little
change compared with the original value S ¼ 0.956 for the
system without the defect. These experimental results
confirm that the acoustic skyrmions are robust against
the defects.
Conclusion and outlook.—In conclusion, by designing an

acoustic metasurface with hexagonal symmetry, we success-
fully create a skyrmion lattice of the acoustic velocity fields
which can be manipulated by the amplitudes and phases of
the three standingwaves excited by six pairs of speakers. The
acoustic skyrmion lattice is shown to be robust against
defects and disorders. This work highlights the commonly
ignored vectorial properties of acoustic waves which will
thus deepen the understanding of acoustic waves and inspire
future studies on more real-space topological structures in
acoustic waves, such as Bloch-type skyrmions, anti-sky-
rmions, and merons [18,43–45]. The stability and tunability
of the acoustic skyrmion lattice make it promising in near-
field acoustic applications based on metasurfaces, such as
manipulation of small particles [30]. The acoustic skyrmions
can also be applied in high-frequency surface acoustic
wave tweezers based on piezoelectric substrates, which
are capable of performing dynamic manipulation of
micro-objects [46,47].
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