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Quasicrystals extend topological concepts beyond periodic systems, but their exploration in mechanical
wave systems remains elusive. Here, we experimentally realize two-dimensional quasicrystal water waves
with fivefold rotational symmetry via the interference of multiple quasiplane waves. Although topologi-
cally indistinguishable in real space, these patterns are uniquely classified by higher-dimensional
topological charge vectors that obey an angular-momentum-like conservation law. Using the water-wave
amplitude and its in-plane gradient, we construct a synthetic three-dimensional vector field and
demonstrate the emergence of skyrmions in water-wave quasicrystals. These skyrmions exhibit dynami-
cally evolving boundaries and orientations, i.e., deformation and propagation due to phasonlike motion
during the evolution of the quasicrystal water-wave field. Remarkably, the associated phase singularities
can generate forces and torques that stably trap and drive the rotation of floating particles. We demonstrate
in experiments the simultaneous manipulation of particles at multiple trapping sites in different ways,
opening a path toward programmable control of particle dynamics. By bridging higher-dimensional
topology with water-wave quasicrystals and skyrmions, our work not only advances the physics of
topological hydrodynamics but also establishes a platform for on-demand particle control in aqueous
environments, which is promising for applications in biomedicine, microfluidics, and lab-on-a-chip
technologies.

DOI: 10.1103/rfgr-n77g Subject Areas: Fluid Dynamics,
Interdisciplinary Physics

I. INTRODUCTION

The discovery of quasicrystals four decades agomodified
the foundational paradigm of crystallography, revealing a

class of matter that exhibits long-range order and forbidden
rotational symmetries such as five- and eightfold rotations,
yet lacks translational periodicity [1–5]. This unique inter-
play of order and aperiodicity has since spawned a rich
landscape of exotic phenomena, from wave localizations
[6–14] and nontrivial topological states [15–18], to
unconventional superconductivity [19–22]. A profound
understanding of quasicrystals emerges from the higher-
dimensional projection approach, in which they are viewed
as projections of periodic lattices in higher-dimensional
spaces [23–25]. This framework not only rationalizes
their crystallographic properties but also establishes their
inherent higher-dimensional geometry and topology
[16,26]. Therefore, topological invariants defined in abstract

*These authors contributed equally to this work.
†Contact author: kenyon@xmu.edu.cn
‡Contact author: jhjiang3@ustc.edu.cn
§Contact author: jimchen@xmu.edu.cn

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

PHYSICAL REVIEW X 16, 031078 (2026)
Featured in Physics

2160-3308=26=16(3)=031078(19) 031078-1 Published by the American Physical Society

https://orcid.org/0000-0002-4292-0441
https://orcid.org/0000-0001-6505-0998
https://ror.org/00mcjh785
https://ror.org/00mcjh785
https://ror.org/01scyh794
https://ror.org/05htk5m33
https://ror.org/04c4dkn09
https://ror.org/04c4dkn09
https://ror.org/05t8y2r12
https://ror.org/00mcjh785
https://crossmark.crossref.org/dialog/?doi=10.1103/rfgr-n77g&domain=pdf&date_stamp=2026-09-29
https://doi.org/10.1103/rfgr-n77g
https://doi.org/10.1103/rfgr-n77g
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


hyperspace can manifest themselves as physical phenom-
ena in real-world quasicrystals—a principle recently con-
firmed through the manipulation of topological properties
of bands [16,26] and charge vectors [27]. However, the
exploration of such topological physics has remained
largely confined to quantum and optical systems [16,26–
28]. Moreover, the realization and stabilization of sophis-
ticated three-dimensional topological defects such as
skyrmions [29–37] in quasicrystals is also a desirable
and nascent frontier [27].
Here, we report the emergence of unconventional topo-

logical structures in quasicrystal water waves engineered
by sculpting surface water waves into programmable
pentagonal quasiperiodic lattices [Fig. 1(a)]. Time-resolved
snapshots of the complex amplitude of structured water
waves are analyzed using a fast checkerboard demodulation
(FCD) method. We demonstrate that the two-dimensional
(2D) water-wave quasicrystals are isomorphic, as con-
firmed by their identical phase singularities (vortices)
and spatial correlations. Nevertheless, these patterns are
distinguishable by higher-order topological charge vectors
interpreted as the Burgers vectors that obey an angular-
momentum-related conservation law. Intriguingly, the
underlying physics is found to be associated with topology
in the emergent four-dimensional (4D) parameter space of
water-wave quasicrystals. Benefiting from the slow

coherent dynamics of water waves, our experimental plat-
form is able to track the evolution of quasicrystal water
waves in real time using a conventional camera. In this way,
we can observe persistent hydrodynamic skyrmions
embedded in water-wave quasicrystals with orientation
and boundary evolving periodically in time, continuously
and globally (i.e., over all regions) over many wave cycles
[Fig. 1(b)]. Moreover, the phase vortices associated with the
quasicrystal lattices generate coherent wave-induced forces
and torques that are strong enough to robustly trap and rotate
particles floating on the water surface [38]. Remarkably,
such torques vary with trapping locations and can even flip
their directions from one location to another, enabling
simultaneous yet distinct manipulation of multiple particles,
as shown in Fig. 1(a). Our platform provides on-demand
control of particle dynamics byquasicrystalwaterwaves and
opens a path toward precise single-particlemanipulation and
emergent collective dynamics of multiple particles.

II. EXPERIMENT RESULTS

A. Reconfigurable quasicrystal water waves

The interference of multiple directional plane waves
provides a physical realization of the higher-dimensional
projection method for the construction of quasicrystals
[24,25,27,39]. Specifically, we employ a five-wave

FIG. 1. Quasicrystal topological hydrodynamics based on multiple water-wave interference. (a) Schematic of quasicrystal water waves
generated by five quasi-plane-wave interferences within a pentagonal structure. Multiple particles are trapped and rotated in the water-
wave lattices. The rapid dynamics of quasicrystal lattices are revealed using the fast checkerboard demodulation method. (b) Theoretical
results of the dynamic skyrmions embedded in quasicrystal water-wave lattices constructed by the 3D displacement field [H⃗ðx; y; tÞ] of
water waves. The outer trajectory shows the time-dependent skyrmionic boundaries in a pentagonal quasicrystal over one evolution
cycle. Two green-dashed circles mark the tracking-lost moment. The inset shows the local elliptical trajectories of the water-surface
particles traced by their 3D displacement dynamics.
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interference scheme to create pentagonal quasicrystal water
waves (Appendix A), as shown in Fig. 1(a). The out-of-
plane displacement amplitude of the water surface Zðr⃗Þ due
to such an interference is described by

Zðr⃗Þ ¼ Re
X5
n¼1

jAnjeiϕneik⃗n·r⃗; ð1Þ

where jAnj, ϕn, and k⃗n are the amplitude, phase, and wave
vector of each incident water wave. Despite its simplicity,
Eq. (1) allows extremely rich water-wave dynamics as
unveiled in this work. First, the effective degree of freedom
for the five-wave interference pattern is 4 since the
amplitude and wave vectors are fixed in each experimental
setup. Only the five phases are tunable. Taking into account
that the overall phase does not affect the physical conse-
quence of the water-wave interference, there are only 4
effective degrees of freedom spanning a 4D parameter
space. One of the most intriguing findings is that multiple
water-wave vortices can emerge by tuning the water-wave
interference in the 4D parameter space. Remarkably, these
water-wave vortices can have distinct properties: some of
them are clockwise rotating, while others are counterclock-
wise rotating, as reflected directly by the rotation of floating
particles on the water surface in our experiments, as
discussed later.
Although water waves are mostly regarded as scalar

waves characterized by the displacement profile in the z
direction, these water-wave vortices clearly indicate the
complexity of water waves. As shown in Ref. [37], the
three-dimensional (3D) trajectory of displacement dynam-
ics in water waves can even be elliptical, indicating local
orbital angular momentum [see illustration in the inset of
Fig. 1(b)]. To characterize this property, a 3D vector field
was proposed for the water wave [37]: Starting with the
out-of-plane displacement field Zðx; yÞ, the in-plane dis-
placement vector fields can be created as ðX; YÞ ¼ ∇2Z=k,
where∇2 ¼ ð∂x; ∂yÞ, and k is the absolute value of the wave
vector [37,40]. With these components, a complex 3D
vector field can be created as [37]

H⃗ ¼ Xx̂þ Yŷþ Zẑ; ð2Þ

where x̂, ŷ, and ẑ are the unit vectors in the x, y, and z
directions. With this 3D vector field, water-wave vortices
carrying orbital angular momentum can be characterized by
skyrmion patterns [see Fig. 1(b)]. Intriguingly, in quasi-
crystal lattices, such skyrmion patterns are not static. They
evolve cyclically due to the quasicrystal interference
dynamics [Fig. 1(b)]. Notably, during such an evolution,
the local skyrmion topological number is not conserved.
However, there are conserved topological invariants in the
4D parameter space that govern the cyclical evolution of
the skyrmion dynamics in water waves—another central

finding in this work that will be elaborated later. To study
such a pattern dynamics, we record videos or take snap-
shots of the water waves. Because the water-wave dynam-
ics are slow enough—significantly slower than photonic,
acoustic, and other waves—using a high-speed camera, we
can track the dynamics in quasicrystal lattices with high
spatiotemporal resolution. From the recorded data, we
analyze the rich water-wave dynamics and the underlying
physics in quasicrystal lattices.
Experimentally, multiple quasi-plane-waves are gener-

ated within a 3D-printing pentagonal structure [Fig. 2(a)],
where the five walls act as independent sources
(Appendix B). These waves interfere coherently to form
the quasicrystal lattices of water waves. We keep the
excited waves of the same amplitude and frequency, but
different propagation directions and phases (ϕn).
Specifically, we used a water depth of 1.5 cm and set
the excitation source frequency to 7.2 Hz (corresponding
to a wavelength of approximately 3 cm; see Appendix C).
The phase of each input plane wave is defined as ϕn ¼
½ð2πnQÞ=5� and Q∈ f0;�1;�2g. Consequently, the sum
of these phases (Γ ¼ P

5
n¼1 ϕn) is up to an integer of 2π

[24,27]. The resultant out-of-plane displacement field of
water wave Zðx; y; tÞ is quantitatively measured using the
FCD method (see Appendix B) [41]. The relatively low
frequency and slow motion of water wave enable real-time
probing and the reconstruction of complex water-wave
dynamics by taking videos or snapshots of the water-wave
displacement profile, as illustrated in the right panel of
Fig. 2(a).
Figures 2(b)–2(d) present the time-averaged out-of-plane

field amplitude distribution jZðx; yÞj confirming the
unique fivefold rotational symmetry of the quasicrystal
lattice of water waves, which agrees well with the
simulated results (see Appendix D). Intriguingly, these
wave patterns are distinguishable by their higher-order
topological charge vectors interpreted as the Burgers
vectors that obey an angular-momentum-related conser-
vation law (see Appendix F). The corresponding phase
distributions (right panels) reveal that all possible phase
singularities (q ¼ 0;�1;�2) exist in each different type
of lattice [27], although their spatial positions can be
varied. While the central phase singularities can be used to
identify the excitation Q values, the overall configuration
of the phase singularities is identical across different
types of quasicrystal lattices. This underscores that these
2D quasicrystals are globally isomorphic and cannot be
totally characterized by conventional scalar phase top-
ology alone, thus motivating the need for higher-dimen-
sional topological charges for complete description, as
will be discussed below.
To illustrate the similarity and difference of these 2D

quasicrystal lattices of water waves, we measure
and simulate the spatiotemporal correlations among
topologically different quasicrystal water-wave lattices
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corresponding to Q values 0, 1, 2, as shown in Fig. 2(e).
The maximum correlations in the time domain reveal that
quasicrystals with distinct topological landscapes can
evolve into nearly identical patterns at certain times, with
a constant recurrence period (see Appendix E). This feature
is directly visualized by experiments in Fig. 2(f), which
shows the temporal snapshots of the out-of-plane displace-
ment field, confirming that different excitation Q values
produce the same 2D quasicrystal lattices at different
evolving times. This dynamical isomorphism provides
clear evidence that the topology of a pentagonal quasi-
crystal remains hidden in conventional 2D spatial space.

B. Topological structures of the
quasicrystal lattices

The form in Eq. (2) allows one to define two circular
bases in the x-y plane: the left-circular field Hþ ¼ ½ðX þ
iYÞ= ffiffiffi

2
p � and the right-circular field H− ¼ ½ðX − iYÞ= ffiffiffi

2
p �.

Projection theory can further assign a topological charge
vector in hyperspace to each field component: b⃗Z, b⃗þ, and
b⃗− for Z, Hþ, and H−, respectively (see Appendix F)
[27,31]. For an out-of-plane topological charge b⃗Z ¼ b⃗Q,
the in-plane circular components carry distinct charge
vectors b⃗�: (i) when b⃗Z¼ b⃗Q¼0, b⃗þ ¼ b⃗Q¼1, b⃗− ¼ b⃗Q¼−1,

FIG. 2. Demonstration of reconfigurable quasicrystal water-wave lattices. (a) Experimental setup for generating five plane waves with
the same amplitude and frequency but different propagation directions and phases (ϕn). Scale bar is 6 cm. The right panel shows the time
evolution of five interacting water waves within a pentagonal structure. (b)–(d) The measured (absolute) amplitude and phase of out-of-
plane displacement fields of water waves for different excitation Q values: (b) Q ¼ 0, (c) Q ¼ 1, (d) Q ¼ 2. The white-dashed circles
mark the central interference region, and the black circles mark all possible phase singularities (q ¼ 0;�1;�2) in each of the
quasicrystal lattices. The displayed field region is marked by the red-dashed box in (a). Scale bar is 6 cm. (e) The measured (upper panel)
and simulated (lower panel) time-dependent correlation cube among three topologically distinct quasicrystal water-wave lattices with
Q ¼ 0, 1, 2. (f) Typical out-of-plane wave displacement fields with maximal correlation among the three quasicrystal lattices at different
temporal phases. Scale bar is 2 cm.
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(ii) when b⃗Z ¼ b⃗Q¼1, b⃗þ ¼ b⃗Q¼2, b⃗− ¼ b⃗Q¼0, and

(iii) b⃗Z ¼ b⃗Q¼2, b⃗þ ¼ b⃗Q¼−2, b⃗− ¼ b⃗Q¼6 ¼ b⃗Q¼1, since
Q is a modulo-5 integer. Intriguingly, these topological
charge vectors conform to the angular-momentum-
related conservation law such that b⃗þ þ b⃗− ¼ 2b⃗Z (see
Appendix F). This is due to the different rotation directions
of the two in-plane fields and the fact that the out-of-plane
field does not rotate. This effect can be analogous to the
spin-orbit interaction of light in near fields [27]. The
distinct yet conserved relationships between b⃗Z; b⃗þ; b⃗−
thereby establish a comprehensive descriptor of the top-
ology of water-wave quasicrystals.
In the emergent 4D parameter space of quasicrystals, the

Burgers vector b⃗ ¼ ðb1; b2; b3; b4Þ describes a dislocation.
Because only the b2 and b4 components in this 4D vector
are nonzero (see Appendix A for details), all topological
charge vectors can be conveniently represented in the
effective 2D parameter space ðb2; b4Þ. For each quasi-
crystal lattice, the triplet of topological charge vectors
(b⃗Z; b⃗þ; b⃗−) forms either a triangle or a degenerate line
segment in vector space (see Appendix F). A line integral
around the area yields exactly the Q value for the
excitation, revealing that topological charge conservation
manifests geometrically as area conservation in this vector
representation.
Skyrmions are topologically stable quasiparticles that

have been predicted and demonstrated across various
platforms, such as solid-state matter, liquid crystals, and
electromagnetic waves [30,31,33,36,42–44] but only
recently observed in water waves in a limited number of
studies [35,37,45]. In our platform, the skyrmion numberN
for the constructed water-wave vector field is defined as

N ¼ 1

4π

ZZ
¯H⃗ · ð∂x ¯H⃗ × ∂y

¯H⃗Þdxdy; ð3Þ

where ¯H⃗ðX̄; Ȳ; Z̄Þ is the normalized 3D water-wave vector
field. Here, the skyrmion boundary is defined as the closed
contour associated with the local extremum of the vertical
component Z̄ of the normalized three-dimensional dis-

placement field ¯H⃗, where Z̄ approaches þ1 or −1 [36,46].
An active-contour algorithm can be used to extract this
physically defined closed boundary [47]. Theoretical
analysis shows that in quasicrystal lattices, each skyrmion
can have three distinct boundary geometries: the pentagon-
like, inverted pentagonlike, and circular shapes in a cycle
of the harmonic-wave evolution [see Fig. 3(a) and
Appendix G]. Interestingly, the pentagonlike and circular
boundaries can be interconverted dynamically over time in
a cycle. During a trackable period, the skyrmion boundary
is initially pentagonlike, evolves gradually into a circular
shape, then deforms into an inverted pentagonlike shape,
and finally vanishes, reappearing with the skyrmion sign
flipped, and repeating over a trackable period.

In experiments, without loss of generality, we measure
and reconstruct the temporal 3D fields for Q ¼ 2 quasi-
crystal to visualize the skyrmion distribution and track their
boundary evolution, as shown in Figs. 3(bi)–3(di). It is
observed that these skyrmions emerge only around a zero-
phase-singularity (q ¼ 0) region. The three typical sky-
rmionic boundaries—pentagonlike, circular, and inverted
pentagonlike shapes—are measured and observed in
accordance with the theoretical predictions. These unique
phasonlike dynamics within the quasicrystal lattices are
induced by the temporal phases of the interfering quasi-
plane-waves [24,48]. Unexpectedly, although the local
skyrmion texture in a given region can transiently become
ill-defined or annihilate during the temporal evolution,
well-defined skyrmion textures continuously exist in
other regions of the quasicrystal lattice, as shown in
Figs. 3(e) and 3(f). For time-periodic harmonic-wave
vector fields, the instantaneous skyrmion number can
reverse sign since the time-reversal symmetry is con-
served. Additional calculations comparing a periodic
hexagonal lattice and the pentagonal quasicrystal lattice
show that, while the periodic lattice mainly exhibits sign
reversal of the integrated skyrmion number over a large
region, the quasicrystal lattice allows a more continuous
temporal evolution because of its phasonlike dynamics
and the absence of translational unit cells (see
Appendix G). We further experimentally verify that a
local skyrmion texture remains robust against particle-
induced perturbation (see Appendix G). This sustained
existence of skyrmions in water-wave quasicrystals,
together with their dynamic evolution, is in stark contrast
with the observed skyrmions in periodic systems in
Ref. [37], highlighting an unprecedented topological
phenomenon in water-wave quasicrystals. In addition
to individual skyrmions, we discover skyrmion clusters
emerging in water-wave quasicrystals with complex
topological landscapes (see Appendix H). While this
work focuses on the skyrmion dynamics of the 3D vector
field H⃗, similar concepts can be naturally extended to the
spin-angular-momentum field of water waves [37], which
warrants future investigations.

C. Multiple particle manipulation in
quasicrystal lattices

As surface matter waves, water waves exert radiation
forces on floating particles [Fig. 4(a)], in close analogy to
their optical and acoustic counterparts [49–52]. Based on
the established dipole models [37,53–55], we describe the
particle-field interaction via the wave momentum density
P⃗ ¼ ðρω=2Þ Im½H⃗� · ð∇2ÞH⃗� and kinetic energy density
W ¼ ρω2jH⃗j2=4, where ρ is the mass density of water,
and ω is the angular frequency. Assume a particle with
single complex polarizability α, the wave-induced force is
given by (see Appendix I) [37]
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F⃗ ¼ ω ImðαÞP⃗þ ReðαÞ∇2W ≡ F⃗press þ F⃗grad: ð4Þ

In turn, the out-of-plane torque on a small particle involves
only the dipole moment and can be derived as

Tspin ¼ ω ImðαÞSz: ð5Þ

Here, S⃗ ¼ ðρω=2Þ ImðH⃗� × H⃗Þ represents the spin density
of the water-wave structure. We map the force field within

FIG. 3. Skyrmionic dynamics in water-wave quasicrystal lattices. (a) Simulated results of the phason-induced periodic skyrmion
dynamics within a cycle (ten snapshots at equally separated times with Δϕ ¼ π=5). Arrows represent the 3D normalized displacement

field ¯H⃗ðx; y; tÞ of the water wave. The color of the arrows represents the intersection angle between the ¯H⃗ðx; y; tÞ and the z axis (color
bar is on the right side of the figure). Insets in the lower-right corners of each snapshot illustrate the extracted skyrmion boundaries. (b)–
(d) The measured ¯H⃗ðx; y; tÞ forQ ¼ 2water-wave quasicrystal lattices at different times: (b) ωt ¼ 1.6π, (c) ωt ¼ 1.8π, (d) ωt ¼ 2π. The

measured region is marked by a red-dashed box in the experimental setup illustrated in Fig. 2(a). Panels (i) are ¯H⃗ðx; y; tÞ profiles
encoded by transparency of the mask in white (for the out-of-plane component) and colors (for the azimuth angle of in-plane

components). Panels (ii) are vectorial representations [the same way as in (a)] of the ¯H⃗ðx; y; tÞ field enlarged for the subregions marked

by the red-dashed boxes in panels (i) with the color of the arrows representing the intersection angle between the ¯H⃗ðx; y; tÞ and the z axis
(color bar is on the bottom of the figure). (e),(f) Theoretical and experimental results of time-dependent skyrmion number in different
local regions: (e) for the blue-dashed boxes and (f) for the red-dashed boxes in (b)–(d). Here, the blue and red shadows represent
durations without water-wave skyrmions, during which the water-wave skyrmions disappear. All scale bars (black) are 6 cm.
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the central region of the pentagonal structures for the
quasicrystal lattices of Q ¼ 0, 1, 2 [Figs. 4(b)–4(d)]. For
phase singularity of q ¼ 0, the force field lacks a well-
defined orientation, while q ¼ �1 generates robust,
vortical force fields that enable both particle trapping
and controlled driving. Higher phase singularities
(q ¼ �2) are not topologically stable since their corre-
sponding rotational fields are complicated, incompatible
with global dynamics, and therefore unable to sustain
stable collective motions. Consequently, robust and
continuous rotation emerges exclusively around topo-
logical singularities with q ¼ �1. This property, in turn,
indicates that the induced particle motion provides a

visually mechanical probe of the underlying topological
structures in water waves.
In experiments, particle size needs tomatch the scale of the

phase-singularity region, which mitigates parasitic forces
and guarantees stable rotation. We used foam particles of a
diameter of 2 cm to probe the mechanical responses of
quasicrystal water waves at 6.1 Hz (corresponding to a
wavelength of approximately 4 cm). Figure 4(e) shows the
dynamic trajectory of a particle in the Q ¼ 1 quasicrystal
wave fields (see Supplemental Material Video 1 [56]).
The particle is rapidly attracted to the center of the
phase singularity with q ¼ 1 and undergoes a stable anti-
clockwise self-rotation. The measured angular velocity is

FIG. 4. Dynamics of floating particles in the quasicrystal water waves. (a) Schematic of rotating particles driven by the quasicrystal
wave fields. The particles can be captured and rotated at specific locations within quasicrystal water-wave lattices. (b)–(d) Water-wave-
induced force (black vectors) distributions in the central region of quasicrystal lattices ofQ values: (b)Q ¼ 0, (c)Q ¼ 1, (d)Q ¼ 2. The
background-color plots are the phase distribution of the out-of-plane displacement fields showing the phase singularities. (e),(f)
Snapshots of single particle (radius of 1 cm) being trapped and rotated by quasicrystal water waves: (e) anticlockwise rotation in Q ¼ 1
lattices, (f) clockwise rotation in Q ¼ 2 lattices. The particles are initially deployed around the central region of pentagonal lattices. (g),
(h) Dual rotating particles trapped in different locations of quasicrystal lattices of Q ¼ 0. The left panels in (g) [(h)] show clockwise-
clockwise (clockwise-anticlockwise) rotating particles. The right panels in (g) and (h) show the torque distribution of water-wave
quasicrystals in a selected region. The orange and red circles mark the positions of the corresponding particles. All scale bars (white)
are 2 cm.
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approximately ½ð2πÞ=3� rad=s. Figure 4(f) presents the cor-
responding dynamics in the Q ¼ 2 lattice of water-wave
quasicrystal (see Supplemental Material Video 2 [56]).
Although the particle initially approaches the central singu-
larity q ¼ 2, it is quickly drawn to a neighboring singularity
with q ¼ −1, where it becomes stably trapped and self-
rotates clockwise. These observed particle dynamics are in
excellent agreement with the theoretical predictions for
quasicrystal lattices (see more results in Appendix J and
Supplemental Material Video 3 [56]).
As manipulation capabilities extend to multiple par-

ticles, this demonstrates our platform’s versatile ability to
trap and control particles floating on water surfaces. We
observe stable corotation [Fig. 4(g) and Supplemental
Material Video 4 [56] ] and counterrotation [Fig. 4(h) and
Supplemental Material Video 5 [56] ] of particle pairs,
with dynamics dictated by the theoretical torque distri-
butions [right panels of Figs. 4(g) and 4(h), Appendix I].
The spinning dynamics of the particles are intrinsically
determined by the local topological structures of the
water-wave quasicrystal lattices. Most notably, we suc-
cessfully achieved the simultaneous rotation of up to five
particles introduced into a quasicrystal water-wave lattice
of Q ¼ 0, highlighting its potential for versatile hydro-
dynamic particle control (Appendix K and Supplemental
Material Videos 6–8 [56]).

III. SUMMARY AND DISCUSSION

Our work demonstrates that classical water-wave sys-
tems provide a fertile, experimentally accessible platform
for exploring higher-dimensional topological physics, a
domain previously dominated by quantum and optical
settings. By engineering pentagonal quasicrystal lattices
through multiwave interference, we have realized a hydro-
dynamic analog of topological quasicrystals characterized
not by conventional scalar phase singularities, but by a triad
of higher-dimensional topological charge vectors—Burgers
vectors in an emergent 4D hyperspace. This extends the
framework of higher-dimensional topology to classical
hydrodynamics, establishing a new paradigm for studying
topological structures in water waves and other fluidic
systems.
Compared with previously reported plasmonic quasi-

crystal platforms [27], the present water-wave system
provides two distinctive capabilities enabled by its low-
frequency, macroscopic, and mechanical nature. First, the
slow hydrodynamic evolution allows the quasicrystal
vector field and the associated skyrmion textures to be
tracked directly in real time and real space. Second, because
the water-wave field is a real mechanical displacement field
carrying momentum and angular momentum, its local
topological structures can generate forces and torques that
are strong enough to drive observable motion of floating
particles—a phenomenon potentially useful in biophysics
and other related fields. Moreover, in contrast to periodic-

lattice wave interference systems [37], the quasicrystal
interference fields studied here provide more complex non-
periodic rotational vector-field textures for particle manipu-
lation. The five-wave quasicrystal interference patterns
provide more localized rotational confinement that gives
rise to suppressed orbital motion and significant spinning
motion. Our platform establishes a direct, experimentally
accessible topology-dynamics coupling with high tunability
through the strong wave-induced mechanical forces.
A striking manifestation of this topology is the persistent

yet dynamically evolving skyrmionic textures embedded
within the water-wave quasicrystal lattice. These hydro-
dynamic skyrmions exhibit real-time periodic-boundary-
transformation dynamics between pentagonal and circular
shapes, while remaining continuously observable at the
global-field level throughout the temporal evolution. This
spatiotemporally persistent behavior enriches the broader
understanding of skyrmion dynamics and wave physics in
aperiodic systems.
Beyond fundamental insights, this platform enables

precise, programmable manipulation of floating particles
via wave-induced forces and torques arising from phase
singularities. We have demonstrated stable trapping, con-
trolled rotation, and orchestrated multiparticle dynamics—
including corotation and counterrotation pairs—directly
governed by the underlying topological structures of the
quasicrystal. Furthermore, such capabilities enable analogs
of optical and acoustic tweezers in water waves, opening a
new avenue for topological particle manipulation. The
applications of this approach are particularly promising
in biomedical and lab-on-chip environments, as water
waves offer a noninvasive, scalable, and energy-efficient
means to handle cells, particles, and biological aggregates
in aqueous media.
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APPENDIX A: THEORY OF QUASICRYSTAL
LATTICES AND TOPOLOGICAL CHARGE

VECTORS

The charge-density-wave model is developed in
Refs. [23–25,27,39] to describe quasicrystals through
interference of scalar waves. Based on Landau-Lifshitz
theory of condensed matter, the order parameter generating
the phase of a material must transform as an irreducible
representation of the symmetry group. Such a representa-
tion can come in the form of a Fourier series of the charge
density [24,39], whose spatial frequencies are wave vectors
in the reciprocal lattice of the material, with NR elementary
lattice vectors. In regular crystals, NR ¼ d, where d is the
spatial dimension of the crystal, whereas quasicrystals have
ni incommensurate length scales, resulting in NR ¼ nid.
Thus, a 2D pentagonal quasicrystal can be described as

ρðr⃗Þ ¼ Re
XNR

n¼0

jρnjeiϕneik⃗n·r⃗; ðA1Þ

where jρnj, ϕn, and k⃗n are the amplitude, phase, and wave
vector of each plane wave in the interference pattern,
respectively; r⃗ is the spatial position vector. This equation
is exactly the same as Eq. (1) in the main text. The material
is stationary and results in the condition of

PNR
n¼0 k⃗n ¼ 0.

The phase of the crystal and any transitions to and from it
can be described by the Landau free energy, which can be
expanded as a power series of the density ρr [23–25,27,39].
Close to the ground state, we can approximate that only the
leading term in the lattice symmetry contributes to the free
energy (E) [23–25,27,39]:

E ≈
YNR

n¼0

jρnjeiϕn þ c:c: ∝ cosðΓÞ; ðA2Þ

where Γ ¼ PNR
n¼0 ϕn is the sum of phases. Therefore, the

sum of the phases determines the free energy of the
quasicrystal, up to a constant multiplying factor. If Γ is
constrained to be a constant, i.e., the same free energy for
all solutions, we reach that only the phases ϕn; n ¼
1; ..:; NR are necessary to describe the system. For a 2D
pentagonal quasicrystal, this constraint leaves 4 indepen-
dent-phase degrees of freedom, consistent with the two
incommensurate length scales (ni ¼ 2) in two spatial
dimensions (d ¼ 2).
The point-group symmetry of a 2D pentagonal quasi-

crystal embodied by the condition
P

4
n¼0 k⃗n ¼ 0 fixes the

orientations of the five reciprocal wave vectors as

G⃗n ¼ G½cosð2πn=5Þ; sinð2πn=5Þ�; n ¼ 0;…; 4; ðA3Þ

where G ¼ jk⃗j sets the characteristic length scale of the
interference pattern. For a pentagonal quasicrystal, the
reciprocal lattice has four basis vectors, implying that a
higher-dimensional representation is required to parame-
trize the independent phase degrees of freedom.
Accordingly, in addition to the two-dimensional reciprocal
vectors G⃗n, we introduce another 2D vector set G⃗h3ni5 and
combine them to form a four-dimensional vector:

˜G⃗n ¼ G⃗n ⊕ αG⃗h3ni5
¼ G½cosð2πn=5Þ; sinð2πn=5Þ; α cosð2πh3ni5=5Þ;

α sinð2πh3ni5=5Þ�; ðA4Þ

where α is a scale factor controlling the relative weight of
the two-phase subspaces, and haib stands for modða; bÞ.
To construct a convenient real-space basis associated

with reciprocal vectors, we introduce a set of elementary
real-space vectors R⃗n ¼ R½− sinð2πn=5Þ; cosð2πn=5Þ�,
each of which is chosen to be perpendicular to the
corresponding reciprocal vector G⃗n. Their magnitudes
are fixed by the characteristic length scale of the pattern.
The four-dimensional real-space basis is then constructed

as ˜R⃗n ¼ R⃗n ⊕ βR⃗h3ni5 , where β is a scale factor controlling
the relative weight of the two subspaces. A Burgers vector
b⃗ describing a dislocation can then be expanded in this real-

space basis as b⃗ ¼ ½½b1; b2�½b3; b4�� ¼ r1
˜R⃗1 þ r2

˜R⃗2þ
r3
˜R⃗3 þ r4

˜R⃗4 ¼ ðb⃗phonon; b⃗phasonÞ, where b⃗phonon represents

displacements in physical space, while b⃗phason corresponds
to displacements in the additional internal degrees of
freedom. Then we have

ϕj;μ ¼ ˜G⃗j ·
˜R⃗μ

¼ GR

�
sin

�
2πðj − μÞ

5

�
þ αβ sin

�
6πðj − μÞ

5

��
: ðA5Þ

Along with ϕj;j ¼ 0, these parameters R, α, and β are
determined by requiring ϕj;jþ2¼−ϕj;jþ3¼2π and ϕj;jþ1 ¼
−ϕj;jþ4 ¼ 0. This yields GR ¼ 8π sin½ð4πÞ=5�=5 and
αβ ¼ sin½ð2πÞ=5�= sin½ð4πÞ=5�. In order to make the
Burgers lattice as simple as possible, we set β ¼ 1, then
α ¼ sin½ð2πÞ=5�= sin½ð4πÞ=5�.
We can parametrize the four independent components of

ϕn with two two-component fields:
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ϕn ¼ G⃗n · b⃗phonon þ αG⃗h3ni5 · b⃗phason þ
Γ
5
¼ ˜G⃗n · b⃗þ Γ

5
;

ðA6Þ

where Γ ¼ PNR
n¼0 ϕn is the sum of all phases. In this

work, the phase of each input port is ϕn ¼ ½ð2πnQÞ=5�,
thus Γ ¼ 0 or integers of 2π. The phase shifts induced by a
Burgers vector are defined modulo 2π. Accordingly, we
impose the constraint

ϕn ≡
�
2πnQ
5

�
2π

; ðA7Þ

which specifies a representative phase configuration cor-
responding to the topological charge Q. Returning to
Eq. (A6), we can obtain ½b1; b2; b3; b4� by solving
Eqs. (A6) and (A7). Finally, by solving equation ϕn¼
˜⃗Gn ·ðr1 ˜⃗R1þr2

˜⃗R2þr3
˜⃗R3þr4

˜⃗R4ÞþΓ=5¼hð2πnQÞ=5i2π , we
can obtain the coefficients of each dislocation basis vector
fr1; r2; r3; r4g. Therefore, the Burgers vectors can be
obtained:

b⃗Q¼0 ¼ ð0;0;0;0Þ;

b⃗Q¼�1 ¼� Rffiffiffi
5

p ð0;φ;0;φ− 1Þ ¼∓ 2

5

˜⃗R1�
1

5
ð ˜⃗R3þ ˜⃗R4Þ;

b⃗Q¼�2 ¼� Rffiffiffi
5

p ð0;1;0;−1Þ ¼�1

5

˜⃗R1�
2

5
ð ˜⃗R3þ ˜⃗R4Þ; ðA8Þ

where φ ¼ ½ð1þ ffiffiffi
5

p Þ=2�. The above constraint admits
infinitely many equivalent Burgers vectors differing by
elements of the Burgers-vector lattice. Among these, we
select minimal-norm representatives, which correspond to
elementary Burgers vectors and yield the simplest phase-
winding configurations.
According to Eq. (A6), the configuration of the phases

ϕn of the five waves determines the dislocation vector in
four-dimensional space and influences the two-dimensional
projection of the quasicrystal. We utilize Q to adjust the
total phase sum of the five waves, that is, ϕn ¼ ½ð2πnQÞ=5�,
Q∈ f0;�1;�2g. Then, b⃗ represents the four-dimensional
topological charge or topological charge vector and obeys
the conservation law of the topological charge vector [27]

b⃗Q1
− b⃗Q2

¼ b⃗Q1−Q2
; ðA9Þ

where b⃗Q1
, b⃗Q2

, b⃗Q1−Q2
are different topological charge

vectors. Moreover, since there are two incommensurate
length scales in the quasicrystalline system [23,25], the
four-dimensional topological charge vector can be chosen
such that it has only two nonzero components: one with the
topology of the b⃗phonon and the actual two-dimensional
space, and the other with the topology of the two additional
dimensions b⃗phason of the quasicrystal. Below is a list of all
possible permutations of Eq. (A9):

b⃗Q¼0− b⃗Q ¼ b⃗−Q;

b⃗Q¼�1− b⃗Q¼∓1 ¼ 2b⃗Q¼�1 ¼∓ 4

5

˜⃗R1�
2

5
ð ˜⃗R3þ ˜⃗R4Þ ¼�h1i5

5

˜⃗R1�
2

5
ð ˜⃗R3þ ˜⃗R4Þ ¼�1

5

˜⃗R1�
2

5
ð ˜⃗R3þ ˜⃗R4Þ ¼ b⃗Q¼�2;

b⃗Q¼�2− b⃗Q¼∓2 ¼ 2b⃗Q¼�2 ¼�2

5

˜⃗R1�
4

5
ð ˜⃗R3þ ˜⃗R4Þ ¼�2

5

˜⃗R1 ∓ h1i5
5

ð ˜⃗R3þ ˜⃗R4Þ ¼�2

5

˜⃗R1 ∓ 1

5
ð ˜⃗R3þ ˜⃗R4Þ ¼ b⃗Q¼∓1;

b⃗Q¼1− b⃗Q¼2 ¼−3

5

˜⃗R1− 1

5
ð ˜⃗R3þ ˜⃗R4Þ ¼

h2i5
5

˜⃗R1− 1

5
ð ˜⃗R3þ ˜⃗R4Þ ¼

2

5

˜⃗R1− 1

5
ð ˜⃗R3þ ˜⃗R4Þ ¼ b⃗Q¼−1 ¼−b⃗Q¼1 ¼−ðb⃗Q¼2− b⃗Q¼1Þ

b⃗Q¼−1− b⃗Q¼−2 ¼
3

5

˜⃗R1þ
1

5
ð ˜⃗R3þ ˜⃗R4Þ ¼−h2i5

5

˜⃗R1þ
1

5
ð ˜⃗R3þ ˜⃗R4Þ

¼−2

5

˜⃗R1þ
1

5
ð ˜⃗R3þ ˜⃗R4Þ ¼ b⃗Q¼1 ¼−b⃗Q¼−1 ¼−ðb⃗Q¼−2− b⃗Q¼−1Þ

b⃗Q¼1− b⃗Q¼−2 ¼−1

5

˜⃗R1þ
3

5
ð ˜⃗R3þ ˜⃗R4Þ ¼−1

5

˜⃗R1þ
h−2i5
5

ð ˜⃗R3þ ˜⃗R4Þ

¼−1

5

˜⃗R1− 2

5
ð ˜⃗R3þ ˜⃗R4Þ ¼ b⃗Q¼−2 ¼−b⃗Q¼2 ¼−ðb⃗Q¼−2− b⃗Q¼1Þ;

b⃗Q¼−1− b⃗Q¼2 ¼
1

5

˜⃗R1− 3

5
ð ˜⃗R3þ ˜⃗R4Þ ¼

1

5

˜⃗R1þ
h2i5
5

ð ˜⃗R3þ ˜⃗R4Þ ¼
1

5

˜⃗R1þ
2

5
ð ˜⃗R3þ ˜⃗R4Þ ¼ b⃗Q¼2 ¼−b⃗Q¼−2 ¼−ðb⃗Q¼2− b⃗Q¼−1Þ:

ðA10Þ
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APPENDIX B: EXPERIMENTAL SETUP

The interference field was generated inside a 3D-printed
pentagonal structure with a side length of 24 cm. The
source sides are connected with tubing to speakers con-
trolled by signal generators (RIGOL DG4062) and an
amplifier (FPA2000-30W). We used a sinusoidal signal at
7.2 Hz (6.1 Hz) for characterizing the topological proper-
ties (particle manipulations) of quasicrystal water waves.
The out-of-plane displacement field Zðx; y; tÞ of the water
wave is reconstructed by the FCD method. Specifically, a
hexagonal lattice pattern composed of dots (dot diameter
3 mm, dot spacing 3 mm) is placed at the bottom of the
transparent tank. A camera (MER2-041-608U3C-HS,
Daheng or AIC-133GC, JCOPTIX) is deployed above
the tank to record distortions of the lattice caused by
surface waves. By comparing the distorted frames with the
undistorted reference pattern, a demodulation algorithm
was applied to reconstruct the out-of-plane displacement of
water waves Zðx; y; tÞ. All FCD reconstruction and exper-
imental data processing are performed with MATLAB 2024b.
The simulated out-of-plane-displacement fields in Fig. 2(e)
are obtained from COMSOL Multiphysics.
In the experiments, the five source edges in our device do

not behave as rigidly fixed reflectingwalls. Instead, they touch
the water surface only slightly. Such a configuration provides
a more compliant boundary condition than an ideal hard wall
and is expected to reduce the abrupt impedancemismatch that
would otherwise occur at a rigid reflecting boundary.
Consequently, when an incident wave reaches the opposite
source edges, part of the wave energy can be coupled into the
source boundary and dissipated through mechanical losses,
rather than being fully reflected back into the pentagonal
region. Figures 5(a) and 5(b) show the single-edge excitation
experiment used to examine the boundary reflections in the
pentagonal structure. Plane waves were generated from the
bottom edge of the pentagon and propagated toward the two
upper edges. During propagation, the wave amplitude was

substantially attenuated because of viscous damping and
wave dissipation in the shallow-water system [57,58]. As a
result, when the incident wave reached the two upper edges at
t ¼ 2.8 s, the reflected waves from these boundaries were
extremely weak and could hardly be directly observed.
Therefore, although weak residual boundary reflections
may still introduce small perturbations near the peripheral
region of the tank, the quasicrystal patterns analyzed in this
work are mainly governed by the designed multiwave
interference rather than by cavity-mode resonances.

APPENDIX C: DISPERSIONS OF THE SURFACE
WATER WAVES

The dispersion relation of the water waves is
ω2 ¼ ½gkþ ðσ=ρÞk3� tanhðkhÞ, where k, σ,ρ, h, and g are
the wave number of the water wave, surface-tension
coefficient, density of water, undisturbed water depth,
and gravitational acceleration, respectively. Then, we can
obtain the relationship between the frequency and

FIG. 5. Single-edge excitation experiment in the pentagonal tank. (a) The plane wave generated from the bottom edge of the
pentagonal structure propagates upward and reaches the upper edges at t ¼ 2.8 s. (b) The stable water-wave fields in the pentagonal tank
region at t¼ 4.8 s with no significant reflected-wave interference observed. All scale bars (black) are 6 cm.

FIG. 6. Theoretical and experimental results of water-wave
dispersion between the wavelength and frequency. The water
depth is set as 1.5 cm.
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wavelength λ, as shown in Fig. 6. In the experiment, we
chose 7.2 Hz for the quasicrystal lattice and 6.1 Hz for the
floating particle trapping.

APPENDIX D: ANALYTICAL RESULTS OF
QUASICRYSTAL WATER-WAVE LATTICES

Figures 7(a) and 7(b) present the analytical results of
the time-averaged out-of-plane displacement and phase
distributions of quasicrystals under different Q values.
Compared with Fig. 2 in the main text, the analytical
results match the experimental data well in the central
interference region. Note that due to the limited size of
the practical device, the boundary effect induces some
perturbations to the quasicrystal lattice beyond the
central region.

APPENDIX E: SIMILARITIES AMONG
QUASICRYSTAL WATER-WAVE LATTICES

In each topological quasicrystal pattern, we select a
square region of 230 × 230 pixels (corresponding to an
actual area of 6 × 6 cm2) centered on the phase singu-
larity of q ¼ 0, and performed their temporal correla-
tions. We used a high-speed camera with a frame rate of
500 frames/s to capture the water-wave fields. The
similarity among different quasicrystal lattices is char-
acterized based on the maximal value of correlation
(MVC):

MVC ¼ max
k;l

				
P

M
m¼1

P
S
s¼1 ZQ¼a½m; s�ZQ¼b½m − k; s − l�

kZQ¼akkZQ¼bk
				;

ðE1Þ

where M and S are all 230, which represents the
maximum pixel values in the x and y directions, respec-
tively. ðm; sÞ and ðk; lÞ are used to describe a specific
pixel. The symbols j · j and jj · jj are the absolute value
and norm value, respectively. The results of the MVC
mapping are shown in Fig. 2(e) of the main text. Figure 8
shows more results of the quasicrystal patterns at more
moments; the difference between adjacent images is 1

8
of a

cycle. The evolutions of the quasicrystals’ out-of-plane
displacement field for different topological charge are
identical.

APPENDIX F: TOPOLOGICAL CHARGE
VECTORS CONFORMING TO THE ANGULAR-
MOMENTUM-RELATED CONSERVATION LAW

The in-plane fields of constructed water waves can be
derived from the gradient of their out-of-plane fields [40]:

½X; Y� ¼ ∇2Z=k; ðF1Þ

where∇2 ¼ ð∂x; ∂yÞ, and k is the wave number of the water
wave. The amplitude and phase distributions of the in-plane
quasicrystal lattices are shown in Figs. 9(a)–9(c).
Depending on the rotation of the in-plane field, they

FIG. 7. Analytical results of the time-averaged out-of-plane displacement and phase distributions of pentagonal quasicrystal lattices.
(a) Time-averaged out-of-plane displacement ðjZjÞ of quasicrystal lattices for different Q values. (b) Phase distributions of quasicrystal
lattices for different Q values. The white-dashed circles mark the central interference region. The black circles mark all possible phase
singularities (q ¼ 0;�1;�2) in each of the quasicrystal lattices. Scale bar is 6 cm.
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contain a quasilattice with a topological charge vector that
is different from that of the out-of-plane field, conforming
to the relation b⃗þ þ b⃗− ¼ 2b⃗Z. This relation is, again, a
manifestation of angular momentum conservation—a
direct consequence of the opposite in-plane chirality, the
nonrotating out-of-plane field, and their coupling into a
unified vector mode.
The topologies of b⃗þ and b⃗− related to different

topological b⃗Z are summarized as follows (2b⃗Z ¼ b⃗þþ b⃗−):

2b⃗Q¼0 ¼ b⃗Q¼1 þ b⃗Q¼−1;

2b⃗Q¼1 ¼ b⃗Q¼2 þ b⃗Q¼0;

2b⃗Q¼2 ¼ b⃗Q¼−2 þ b⃗Q¼6 ¼ b⃗Q¼−2 þ b⃗Q¼1;

2b⃗Q¼−1 ¼ b⃗Q¼−2 þ b⃗Q¼0;

2b⃗Q¼−2 ¼ b⃗Q¼2 þ b⃗Q¼−6 ¼ b⃗Q¼2 þ b⃗Q¼−1: ðF2Þ

Since all three topological charge vectors describe the full
information about the topological properties of the quasi-
crystal water-wave lattice, it is instructive to place them on
a plane and view the shape that they create. Interestingly, all
possible combinations of shapes created by the topological
charge vectors lie on a single plane, with one axis
corresponding to a “phononic” (physical plane) degree
of freedom, and the other corresponding to a “phasonic”
(higher-dimensional plane) one. All the possible shapes
created by quasicrystal lattices are plotted in Fig. 9(d).
Moreover, their area can be calculated via a simple line
integral. Though the direction of integration is by and large
arbitrary, keeping it constant will preserve any sign

differences between the resulting values for different
quasicrystal lattices (in accordance with Stokes’s law).
Thus, this procedure may allow us to learn something
new about the higher-dimensional topology. By normaliz-
ing the area of the generated shapes (triangles) with the area
of the projected 4D unit cell onto the plane on which the
topological charge vectors reside, the line integration result
is exactly the value Q (including the sign for the proper
choice of integration direction) [27].

APPENDIX G: EVOLUTION AND ROBUSTNESS
OF SKYRMION TEXTURES

The boundaries of skyrmions can be obtained analyti-
cally:

P
5
n¼1 e

i½kn cosðθnÞxþkn sinðθnÞy�þiφn−iωt ¼ Lm½x;y�, where
Lm½x;y� is a local maximum or minimum in the selected
region ½x; y�, and θn is the intersection angle of each input
wave with x axis. The analytical results are shown in
Figs. 10(a)–10(c). It is clear that the boundaries of sky-
rmions evolve from a regular pentagonlike shape to a circle,
and then to an inverted pentagonlike shape within trackable
time intervals, which agree with the simulated results.
To further clarify the dynamical nature of the skyrmion

textures discussed in the main text, we calculate the time-
dependent skyrmion number over large regions for both a
periodic hexagonal lattice and the pentagonal quasicrystal
lattice, as shown in Figs. 10(d) and 10(e). In the periodic
lattice, the integrated skyrmion number mainly flips its sign
during the harmonic-wave cycle, reflecting the synchron-
ized temporal evolution of the periodic skyrmion texture. In
contrast, in the pentagonal quasicrystal lattice, the inte-
grated skyrmion number evolves more continuously and
smoothly in time. This continuous evolution originates

FIG. 8. The typical out-of-plane water-wave displacement fields with maximal correlation among three quasicrystal lattices (Q ¼ 0, 1,
2) at different temporal phases. Scale bar is 2 cm.
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from the phasonlike dynamics and the absence of transla-
tional unit cells in the quasicrystal lattice. During this
process, local skyrmion textures can be created or annihi-
lated in pairs with opposite charges or can cross the selected
integration boundary.
We also examine the robustness of a local skyrmion

texture against particle-induced perturbation. The floating
particle acts as a localized scatterer and therefore provides
a physical perturbation to the water-wave field. We
calculate the skyrmion number in the same spatial region
adjacent to the selected skyrmion with and without
the particle, as marked by the black circles in Figs. 10(f)
and 10(g). The skyrmion number changes only from N ¼
0.960 without the particle to N ¼ 0.932 with the particle,

remaining close to unity in both cases. This confirms that
the local skyrmion texture is robust against the particle-
induced perturbation.

APPENDIX H: SKYRMION CLUSTERS IN
QUASICRYSTAL WATER-WAVE LATTICES

We also discovered skyrmion clusters in the quasicrys-
tals, which are composed of multiple small skyrmions
surrounding a larger skyrmion. In Fig. 11, a slightly larger
region is selected with the phase singularity at q ¼ 0 as the
center, with the very center being the single skyrmion
described in Figs. 3(b)–3(d) in the main text. It is evident
that several small skyrmions surround this central one, and

FIG. 9. The measured time-averaged amplitude and phase distribution of the in-plane displacement field (Hþ andH−) of water waves
under different excitationQ values: (a) Q ¼ 0, (b)Q ¼ 1, (c) Q ¼ 2. The dashed circles mark all possible phase singularities. The scale

bar is 6 cm. (d) Conservation of topological charge vectors in quasicrystal lattices. The three topological charge vectors (b⃗Z, b⃗þ, b⃗−) of
panels (i–iii) extracted from (a–c) form triangles or line segments in parameter space (b2; b4) with b1 ¼ b3 ¼ 0.
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their number changes over time. As shown in Figs. 11(a)
and 11(b), ten skyrmions surround the central skyrmion,
while in Figs. 11(c) and 11(d), there are a few skyrmions. It
is noted that in the experiment, some skyrmion boundaries
are not entirely closed [37].

APPENDIX I: WATER-WAVE-INDUCED FORCES
AND TORQUES ON FLOATING PARTICLES

Here, we present a theoretical framework built on
the analogy among the key dynamical properties of
monochromatic (single-frequency) optical, acoustic, and
water-wave fields [40,59]. These systems share similar

expressions for local energy, canonical momentum, and
spin density. In addition, the dominant forces and torques
acting on small isotropic particles take comparable forms in
both optical and acoustic settings [55]. It is therefore
reasonable to anticipate that small floating particles in a
single-frequency water-wave field will experience analo-
gous forces and torques.
This approach relies on the minimal coupling between

the lowest-order multipole moments induced in a particle
by an incident wave field. In acoustics, these take the form
of monopole and dipole moments corresponding, respec-
tively, to uniform compression or expansion, and to linear
displacement of the particle. These monopole and dipole

FIG. 10. Evolution of skyrmionic boundaries of quasicrystal water waves. (a)–(c) Analytical results of skyrmionic boundaries within
trackable time intervals. The temporal phase (Δϕ) is set as π=5. (d) The time-dependent skyrmion number over large regions for a
periodic hexagonal lattice and (e) the present pentagonal quasicrystal lattice. The line color represents areas of different sizes, and b is
the side length of the integral area. (f),(g) Local skyrmion texture adjacent to the selected region without and with a floating particle,
respectively. The calculated skyrmion numbers are N ¼ 0.960 and N ¼ 0.932, showing that the local skyrmion texture remains robust
against the particle-induced perturbation. Scale bars are 6 cm.
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responses naturally couple to the scalar pressure field and
the vector velocity (or displacement) field in acoustics. For
water waves, assuming both the fluid and the particle are
incompressible, one might expect that only the dipole
moment coupled to the vector displacement field would
be relevant. However, unlike bulk acoustic waves, surface
water waves are strongly anisotropic, with their out-of-
plane ðzÞ and in-plane ðx; yÞ behaviors differing consid-
erably. Indeed, the governing equations of water waves
resemble two-dimensional acoustic equations when the
out-of-plane displacement Z is treated as a scalar field
(analogous to acoustic pressure) and the in-plane displace-
ment H2 ¼ ðX; YÞ as a two-dimensional vector field
(analogous to acoustic velocity) [40,60].
Thus, we can characterize a floating particle by the

monopole and dipole moments induced by the out-of-plane
and in-plane displacement wave fields:

M ¼ αMZ; D2


! ¼ αD H2


!
: ðI1Þ

Here, αM and αD are the complex monopole and dipole
polarizability of the particle. To find these parameters, one
has to solve an exact water-wave scattering problem, like
the Mie problem in optics and acoustics. This is beyond the
scope of this work, and we will use the polarizability as
unknown proportionality parameters with dimensions of
volume. Assuming the minimal-coupling energy of the
wave-particle interaction in the form

Wint ¼ − ρω2

2
ReðM�Z þ D⃗�

2 · H⃗2Þ; ðI2Þ

we obtain the wave-induced force on the particle
[54,55,61]:

F⃗ ¼ ReðαMÞ∇2WðzÞ þ ReðαDÞ∇2Wðx;yÞ

þ ω ImðαMÞP⃗ðzÞ þ ω ImðαDÞP⃗ðx;yÞ: ðI3Þ

Herewe introduce the parts of the kinetic energy density and
of the wave momentum density related to the out-of-plane
and in-plane displacement fields: WðzÞ¼ðρω2=4ÞjZj2,
Wðx;yÞ ¼ ðρω2=4ÞjH⃗2j2, P⃗ðzÞ ¼ ðρω=2Þ Im½Z�∇2Z�, and
P⃗ðx;yÞ ¼ ðρω=2Þ Im½H⃗�

2 · ð∇2ÞH⃗2�. In this work, we need
only the simplest toy model that can explain the main
features of the particle behavior in structured water-wave
fields. Therefore, we set αM ¼ αD ≡ α, and in this case,
Eq. (I3) is reduced to the force in Eq. (4) in the main text.
This explains the particle dynamics observed in our experi-
ments. In turn, the out-of-plane torque on a small particle
involves only the dipole moment and can be derived as

Tspin ¼ − ρω2

2
ReðD⃗�

2 × H⃗2Þ: ðI4Þ

For αD ¼ α, this yields

Tspin ¼ ω ImðαÞSz: ðI5Þ

Here, S⃗ ¼ ðρω=2Þ ImðH⃗� × H⃗Þ represents the spin density
of the water-wave structure.

APPENDIX J: TRAJECTORY OF FLOATING
PARTICLES IN QUASICRYSTAL WATER-WAVE

LATTICES

Figure 12 shows the dynamic trajectory of a particle in
the Q ¼ 0 quasicrystal wave field (see Supplemental
Material Video 3 [56]). The particle is rapidly trapped
around the central phase singularity with q ¼ 1 and under-
goes a stable clockwise rotation about its axis. It should be
noted first that while water waves drive the movement of
floating particles, the floating particles also scatter the
water waves. Figure 13(a) shows the time-averaged lattice
of a water-wave quasicrystal, and Fig. 13(b) shows the
time-averaged lattice of a water-wave quasicrystal within a
floating particle. The out-of-plane displacement of water
waves close to the floating particle is slightly affected; thus,
the wave-induced force is also slightly affected. Therefore,
the wave-induced force distribution with a floating particle
differs slightly from that without floating particles.
To further examine the validity of the dipole approxi-

mation for the finite-size floating particles used in our
experiments, we performed an additional scattering
measurement under plane-wave excitation. As shown in
Fig. 13(c), an incident plane wave propagates past a
floating particle. Since the particle is gradually pushed
by the incident wave during the measurement, a

FIG. 11. Skyrmion clusters in quasicrystal water waves. (a),(c)
Out-of-plane displacement fields of quasicrystal water waves in
different time moments. (b),(d) Distribution of the reconstructed
normalized three-dimensional displacement field (encoded by the
transparency of the mask in white and colors) of the quasicrystal
waves showing the skyrmion distribution. The spatial area is
selected from the red-dashed box in (a) and (c). All scale bars
are 6 cm.
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representative single frame was selected for the scattering
analysis. Figure 13(d) shows the scattered field obtained
from the boxed region in Fig. 13(c) after subtracting the
corresponding background field measured without the
particle. The angular radiation pattern extracted along
the black circle in Fig. 13(d) is shown in Fig. 13(e).
We further performed a Fourier decomposition of the
scattered field along the same circle and obtained the
normalized multipole expansion intensity jcnj2, as shown in
Fig. 13(f).
The finite size of the particle indeed excites higher-

order multipole components. For example, a finite
monopole component is observed, with a normalized
intensity of approximately 0.04 for n ¼ 0, and weak
quadrupole components also appear, with normalized
intensity of approximately 0.004 and 0.002 for n ¼ �2.
Nevertheless, the overall scattering response is dominated

by the dipole components c�1, whose normalized intensity
is approximately 0.5. Therefore, the qualitative topological
dynamics, including the robust trapping and steady rotation
of the particle at the phase singularities, remain funda-
mentally governed by the dominant dipole-field coupling
mechanism described by our model. This multipole analy-
sis clarifies why the dipole-based model remains useful for
interpreting the main experimental observations, while also
explicitly identifying its limitation for predicting exact
force and torque magnitudes in the finite-size particle
regime.

APPENDIX K: MULTIPLE PARTICLE
MANIPULATION

Here, we explore the dynamic motions of floating
particles in quasicrystal water waves. In the case of the

FIG. 12. Single particle (radius of 10 mm) is trapped and rotated by quasicrystal water waves when Q ¼ 0. Scale bar is 3 cm.

FIG. 13. Time-averaged lattice of water-wave quasicrystal and experimental characterization of the multipole scattering response of a
floating particle. (a) Time-averaged quasicrystal lattice without a floating particle. (b) Time-averaged quasicrystal lattice with a floating
particle (red circle). (c) An incident plane wave propagating past a floating particle. (d) Scattered field obtained from the boxed region in
(c) after subtracting the corresponding background field measured without the particle. (e) Angular radiation pattern extracted along the
black circle marked in (d). (f) Normalized multipole expansion intensity spectrum obtained by Fourier decomposition of the scattered
field along the same circle. All scale bars (black) are 6 cm.
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triple spheres illustrated in Fig. 14(a), the yellow and green
spheres rotate clockwise, while the red sphere rotates
counterclockwise. In Fig. 14(b), only the yellow sphere
rotates clockwise among the four spheres, while the others
rotate counterclockwise. In Fig. 14(c), only the green
sphere rotates clockwise among the five spheres, while
the others rotate counterclockwise. It is worth noting that in
the upper right corner of Fig. 14(c), though two spheres
(red and yellow) are very close to each other, approximately
2 cm apart, they can still rotate stably without affecting
each other.
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