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Abstract

Skyrmion family members, such as skyrmions, bimerons, and skyrmioniums, have been recently
observed in quantum, solid-state, water, and magnetic systems. However, it remains challenging
and crucial to identify a single platform for observing their coexistence and evolution. Here, we
describe a bilayer twisted moiré&elastic system as a controllable platform for the generation of
skyrmion family members with distinct topological charges across different wave systems. Our
experimental results further reveal that the twist angle induces a synergistic evolution between
lattice symmetry and topological characteristics, enabling the mutual transformation and stable
coexistence of different skyrmion family members within a single system. More importantly, we
demonstrate that such a platform supports the discontinuous transport of Lamb-wave-induced
topological textures, revealing phason-like dynamics within the quasiperiodic structure. This work

opens a new avenue for designing all-in-one topological wave devices.
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Introduction
Members of the skyrmion family have recently attracted widespread attention across condensed-
matter physics (1-3), optics (5-9), acoustics (10-12), and even water-wave systems (13-15), owing
to their topologically protected stability and distinctive dynamical behaviors. For example, optical
skyrmion lattices have been observed in the evanescent electric fields of surface plasmon
polaritons (SPPs) interfering within hexagonally symmetric resonators (5); meron-like topological
spin-angular-momentum (SAM) textures have been generated via spin-orbit interactions of light
(16); and skyrmion lattices have been realized in acoustic near-field evanescent waves (11) as well
as in elastic-wave systems supporting hybrid spin states (12). These nontrivial states, protected by
their topological charge, exhibit remarkable robustness against defects and external perturbations,
and hold significant potential for applications in information storage, energy transport, and wave
manipulation. However, most existing studies have focused on the generation and control of
individual skyrmion family members within a single physical system, while systematic
investigations into the coupling, competition, and interconversion among different members on
the same platform remain scarce. This gap hinders the evolution of topological wave physics from

isolated states toward integrated multi-state architectures.

The emergence of twistronics (17) has offered a general paradigm for addressing this challenge.
When two van-der-Waals layers are twisted by a small angle, the resulting moiré&superlattice (18)
can dramatically reshape the electronic band structure (19) and give rise to pronounced correlation
effects (20). The flat-band superconductivity observed in the so-called “magic-angle” bilayer
graphene highlights the profound potential of geometric manipulation in quantum systems,
inspiring the extension of twistronics concept to diverse fields such as optics, acoustics, thermotics,
and fluid dynamics (21-27). A variety of moirérelated unconventional phenomena have
subsequently emerged, including the nearly flat dispersion observed at optical (22) and acoustic
magic angles (26); real-space nano-imaging of symmetry-broken hyperbolic phonon polaritons in
monoclinic lattices (28); and energy delocalization-localization transitions identified in fluidic
moiré superlattices (29). Collectively, these phenomena demonstrate that geometric twisting
serves as a universal strategy for controlling band structures, wave localization, and topological
characteristics across diverse physical systems. Similarly, twisted two lattices at specific angle
break translational symmetry, giving rise to a moiréquasicrystal (30,31) that exhibits long-range
order and higher-order rotational symmetry. The resulting distinctive band-structure (32) and
localization characteristics (33-35) introduce an additional geometric degree of freedom for the

emergence and manipulation of topological states. Consequently, the geometric design space
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enabled by moirésuperlattices and moiréquasicrystals is expected to transcend the limitations of
conventional physical platforms and unlock new routes toward the coexistence and controllable

transformation of skyrmion family members.

In this study, we propose a moir€induced platform for the generation of skyrmion family members.
By introducing geometric twisting into a bilayer system, periodic and quasiperiodic spatial
modulations are formed, enabling geometrically programmable creation of diverse skyrmion
members. Due to their rich modal diversity and complex mode-coupling behavior, elastic-wave
metamaterials have attracted significant attention. Their phase velocity is much lower than the
speed of light, resulting in much shorter wavelengths at the same frequency and thereby enabling
on-chip integration and subwavelength manipulation. (36-43). In addition, it exhibits extremely
low energy loss, ensuring long-distance and high-fidelity transmission, and is largely immune to
environmental disturbances, guaranteeing the robustness of topological effects. These attributes
make elastic waves an ideal platform for investigating the coupling and interconversion among
various topological textures. In elastic plates, the interference between antisymmetric Lamb waves
propagating along the upper and lower plate boundaries, together with the hybrid coupling of
longitudinal and transverse components at the free surfaces, generates mixed spin interactions.
Under the modulation of moirétwist angles, the system realizes stable coexistence and reversible
transformation among different skyrmion family members. Furthermore, tuning the initial phases
of the upper and lower Lamb waves not only induces transitions between distinct topological
textures but also gives rise to topologically protected discontinuous motions that exhibit phason-
like dynamical behavior. More importantly, the proposed mechanism does not depend on any
specific physical field but arises from the cooperative evolution of lattice symmetry and
topological characteristics (see details in Supplementary Text S5). This universality enables its
extension to various wave systems, including optical, acoustic, and hydrodynamic waves, thereby
opening new avenues for information processing, energy transport, and wave manipulation (44-
46).

Results
Formation and evolution of the skyrmion family
To elucidate the unique role of moirétwisting in controlling topological textures, we establish a
universal physical platform based on a moirébilayer elastic-wave metasurface to investigate the
generation and evolution of the skyrmion family (Fig. 1A). By introducing both periodic and

quasiperiodic modulations through moiré geometry, the evolution and stability of distinct



topological members were systematically investigated as a function of the twist angle. This
platform supports the hybridization of longitudinal and transverse waves, thereby producing Lamb
waves with mixed spin characteristics. Furthermore, the interference of in-plane Lamb waves with
different symmetries enables the realization of various skyrmion family members. Under the
plane-strain assumption (47, 48), the displacement field of antisymmetric Lamb wave propagating
along the x direction can be expressed in terms of both out-of-plane and in-plane components

Uy (x,z,t) = [ikAsin(x,z) — KsBsin(k,z) e *F*¥=*0

u,(x, z,t) = [KyAcos(k,z) — ikBcos(kz) |e ** =@t

(1

where A and B are undetermined amplitude coefficients, k and @ denote the wavenumber and

angular frequency of the Lamb wave, and x,, = \/w?/c2 — kZ and k; = \/w?/c2 — k? represent
the longitudinal and shear wavenumbers perpendicular to the propagation direction, respectively
(see details in Supplementary Text S1). From the displacement expression in Eq. (1), the in-plane
and out-of-plane components exhibit a constant phase difference of z/2, indicating that the motion
trajectory of each particle in the thin plate over one vibration cycle is elliptical. The resulting
elliptical polarization effectively introduces a pseudospin degree of freedom into the elastic-wave
system, thereby providing the physical foundation for the formation of skyrmion family members.

For a bilayer moiréelastic-wave metasurface with a square lattice, commensurate twist angles are

given by 8; = 2tan~[p/q], where p and g are coprime integers, and the corresponding moiré

period is L, = a/p? + q?. For the metasurface with a triangular lattice, commensurate twist
angles of the form 8, = cos™[I1% + 41j + j2/2(1?> + Ij + j?)] are also considered, where | and |

are coprime integers, and the moiréperiod is given by L, = a,/I2 + [j + j2. Here, a denotes the
lattice constant. As shown in Fig. 1B, the bilayer with a square lattice forms a moirésuperlattice
at 61 = 22.6Xp = 1, q = 5), while the bilayer with a triangular lattice produces a moiréquasicrystal
at > = 302 In both lattice configurations, the excitation sources in the upper and lower layers
preserve C4 and Ce symmetries, respectively (Fig. 1B), through the uniform distribution of eight
or twelve antisymmetric Lamb-wave sources along the boundaries. This configuration ensures the

spatial stability of the resulting skyrmion family members.
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Fig. 1. Manipulation of skyrmion family members in a moiré bilayer elastic-wave
metasurface. (A) Schematic of a moirébilayer formed by stacking two identical elastic-wave
metasurface plates with a relative twist angle 6. Piezoelectric transducers (PZTs) are uniformly
placed on the top and bottom surfaces to excite antisymmetric Lamb waves in the plates. (B) The
left panel shows the moirésuperlattice formed by two square lattices twisted by 61 = 22.6<
whereas the right panel shows the moiréquasicrystal formed by two triangular lattices twisted by
0> = 30< (C) Adjusting the lattice symmetry and twist angle enables the generation, coexistence,
and transformation of various skyrmion family members such as skyrmion lattices, meron lattices,

bimeroniums, skyrmion bags, and skyrmioniums within a single platform.

Theoretical framework for the skyrmion family

First, a theoretical model of a moiré bilayer elastic-wave metasurface with a square-lattice
arrangement was developed to investigate the skyrmion family members generated at different
twist angles. In the global coordinate system (x, y, z), where z denotes the plate thickness direction,
planar Lamb waves propagating in the antisymmetric AO mode are considered. A plane wave
propagates with an azimuthal angle ¢ has wave vector k = k(cosg, sing). In the lower plate, n
pairs of counter-propagating (s = #1) planar Lamb waves are excited along azimuthal directions

o (p =1, -, n). The displacement field formed by the interference of these n pairs of waves is

expressed in Eq. (2).
n
a® (r,z) = ZiZ [Agp) (z)sin(ké&,)t(p) + Agp) (z)cos(kfp)z], (2)
p=1
where t(¢) = (cosg,sing) is the in-plane unit vector, r = (x,y) is the position vector, &, =

t(pp)r, Agp)(z) and Agp)(z) denote the amplitudes of the in-plane and out-of-plane components,
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respectively. The upper elastic-wave metasurface plate is uniformly rotated by an angle 4 relative
to the lower plate. The in-plane rotation is characterized by a two-dimensional (2D) rotation matrix
(see details in Eg. (A21)), which introduces the moiré modulation effect. Consequently, the
displacement field of the upper elastic-wave metasurface plate resulting from multi-wave
interference is obtained, as expressed in Eq. (3).

ﬁ(z)(r, 7) = 2izp=1 [Agp) (z)sin(k'f;,g))tg (op) + AE”) (Z)Cos(k'fz()e))z]' 3)

Since the amplitudes AE”) (z) and Agp) (z) are identical in the two layers, the total displacement
field at a fixed depth z = zo can be expressed as

u(r) = u®(r, zo) + uA(r, zp). (4)
From a physical perspective, skyrmion family members constitute a class of vector textures
stabilized by topological protection, whereas from a geometric perspective, they can be viewed as
vector mappings of a parameter sphere onto a 2D real space. By modifying the arrangement or
orientation of vectors on the parameter sphere, different types of skyrmion family members can
be generated. The topological properties of these textures are characterized by the skyrmion
number

S =—[f,n- (3,n x dyn)dxdy, (5)
-
I
3D displacement vector field, and £2demotes the spatial region that defines the topological textures.

where s = n - (d,n X d,n) is the skyrmion number density, n = — represents the normalized

aj

The skyrmion number can be further decomposed into two topological indices, p and m, where p
(polarity) is defined by the orientation of the out-of-plane vector component, and m (vorticity) is
determined by the rotational sense of the in-plane field components in space (see details in
Supplementary Text S2). In the moiré bilayer elastic-wave metasurface, modulation of the
interlayer twist angle induces a pronounced evolution of the topological textures. As illustrated in
Fig. 1C, the system evolves from a periodic lattice to a moirésuperlattice and ultimately to a moiré
quasicrystal, corresponding to the emergence of distinct skyrmion family members. Theoretical
predictions and numerical simulations further reveal both the existence and evolution of these
topological textures. For moirébilayer structures with different symmetries, the corresponding 3D
displacement vector fields are constructed, as shown in Figs. 2A-2F. Among these states, a
bimeron can be regarded as a composite of two merons with opposite polarities, each representing
half of the mapping from the parameter sphere. Therefore, merons do not occur in isolation but
typically appear as periodic lattices (Fig. 2A) or as paired combinations (Fig. 2C). At a twist angle
of 1 = 45°(Figs. 2B and 2C), skyrmions and bimerons coexist within the same configuration,
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whereas phase modulation drives the bimerons to be relocated to the central region (Fig. 3D).
Under the combined control of twist angle and phase modulation, a bimeronium state (49) can

likewise be realized (see details in Fig. S8).

The skyrmion bag (4,6,50) generated in the triangular lattice (Fig. 2E) can be regarded as a
composite topological state composed of multiple skyrmions. The outer envelope exhibits a
polarity opposite to that of the internal skyrmions, such that the overall topological charge can be
expressed as Spag = N—1, where N denotes the number of internal skyrmions. By varying the
interlayer twist angles, skyrmion bags containing different numbers of enclosed skyrmions are
observed (see Supplementary Text S4). The formation mechanism of such topological textures
originates from the superposition and relative rotation of two skyrmion lattices within the same
plane, as illustrated at 81 = 0<in Fig. 2D, where the lattices in the upper and lower layers coincide.
When a skyrmion in one lattice is rotated into an interstitial site between two skyrmions in the
unrotated lattice, the interference effect generates a localized field distribution exhibiting a specific
polarity. As the twist angle increases, the localized region gradually closes to form an envelope,
eventually resulting in a skyrmion bag that encloses multiple individual skyrmions. When the
interlayer twist angle reaches 30< the translational symmetry of the system is broken, giving rise
to a moiréquasicrystal exhibiting twelvefold rotational symmetry. Under this high-symmetry
constraint, twelve skyrmions spontaneously arrange into a circular ring at the periphery, while the
central skyrmion family transforms into a skyrmionium (51) composed of two nested skyrmions
with opposite polarities.
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Fig. 2. 3D displacement vector fields of distinct skyrmion family members. (A) Meron lattice
formed in a square-lattice configuration. (B) and (C) Moiré&induced skyrmion and bimeron states
in a square-lattice bilayer twisted by 61 = 45< generated by upper and lower Lamb waves with
initial phases (¢1 = 0, g2 = 0) and (41 = 0, ¢2 = m), respectively. (D) Skyrmion lattice formed in a
triangular-lattice configuration. (E) Skyrmion-bag state emerging in a moirésuperlattice formed
by twisting a triangular-lattice bilayer by 8> = 13.2< (F) In a moiréquasicrystal formed by twisting
a triangular-lattice bilayer by 6, = 30< a central skyrmionium is surrounded by a dodecagonal
skyrmion-ring array. Insets in Figs. (A)-(F) show the corresponding 3D vector-field distributions

of each skyrmion family member.

For the square-lattice configuration (Fig. 3A), with n = 2 and the azimuthal angles ¢, = 0°and ¢,
= 90< theoretical results reveal that the system support various skyrmion family members within
the square lattice, moirésuperlattice, and moiréquasicrystal regimes (Fig. 3D). At 6, = 0< the
platform exhibits a meron-lattice topological texture whose spatial distribution closely
corresponds to the 3D displacement vector field shown in Fig. 2A. At 61 = 45< the bilayer structure
adopts a moiréquasicrystalline configuration lying between crystalline and amorphous states and
exhibits a hybrid topological texture composed of skyrmions and bimerons. The regions enclosed
by the purple and green solid rings correspond to the 3D vector fields shown in Figs. 2B and 2C,
respectively, thereby revealing the coupling and coexistence mechanisms of the two states under

moiréquasicrystalline conditions.

In addition, the excitation phase acts as an effective degree of freedom for manipulating skyrmion
family members (52). By tuning the relative phase difference (¢) between the upper and lower
Lamb waves, transformations among skyrmion family members can be induced (see
Supplementary Figs. S7-S9), and discontinuous translation and positional interchange of the
topological textures can be realized in a controllable manner (see Fig. 3D and Fig. S10). In the
calculations shown in Fig. 3D, the initial phase of the upper-layer Lamb wave is set to ¢1 = 0. At
a twist angle of 61 = 45< when no phase difference is applied between the two layers, the central
position of the topological texture remains stable, as indicated by the purple solid ring. However,
when a phase difference is introduced (¢ = ¢2 — ¢1 = 7), the topological textures enclosed by the
purple and green solid rings exhibit a pronounced positional interchange, while their internal
configurations remain intact owing to topological protection. Such phenomenon originates from

phason-like dynamics characteristic of quasiperiodic systems (53-55).
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Fig. 3. Moiré bilayer elastic metasurface with a square-lattice arrangement: theoretical
prediction, experimental validation, and numerical analyses of skyrmion family members.
(A) Schematic of the experimental setup. The moiré bilayer metasurface is driven by PZTs
numbered 1%~4* on the top layer and 5*~8" on the bottom layer. The inset illustrates the 2> square
lattice and its corresponding first Brillouin zone. (B) Simulated dispersion relation of the square
lattice. (C) Comparison of skyrmion numbers obtained from theoretical predictions, numerical
simulations, and experimental measurements. (D)-(F), Out-of-plane displacement fields of
skyrmion family members at different twist angles, obtained from theoretical models, numerical
simulations, and experimental measurements. (G) Corresponding skyrmion number density for
panels (D)-(F).

Experimental observation of skyrmion family

To validate the theoretical predictions, numerical simulations and experimental measurements
were subsequently performed. PZTs were uniformly arranged along the edges of the top and
bottom layers to excite antisymmetric Lamb waves propagating in the 3k directions within the
plate plane. The simulated out-of-plane displacement field is shown in Fig. 3E, and the

corresponding in-plane components (Juy| = \/uz + u3) are presented in Fig. S6. The resulting 3D
9



displacement vector fields for the square-lattice configuration agree well with those shown in Figs.
2A-C. The dispersion relation of the square lattice was also calculated, as shown in Fig. 3B. Below
the first cutoff frequency, the desired topological textures can in principle be excited at arbitary
frequency (12), and an excitation frequency of f = 8900 Hz was selected for the experiments. The
dynamic displacement field of the sample surface, was then scanned and recorded using a laser
Doppler vibrometer (PSV-500), as presented in Fig. 3F. The measured displacement field shows
excellent agreement with the theoretical predictions within the solid-ring region indicated in Fig.
3D.

Based on the 3D displacement fields obtained from theoretical calculations, numerical simulations,
and experimental measurements, the skyrmion number density associated with different skyrmion
family members was evaluated (Fig. 2G). The skyrmion numbers corresponding to the different
topological configurations were determined by integrating the skyrmion number density over the
regions enclosed by dashed lines in Fig. 3C. The results demonstrate strong consistency in the
topological invariants obtained from theoretical derivations, numerical simulations, and
experimental measurements, thereby verifying the coexistence and transformation of skyrmion
family members under different twist angles and confirming the robustness and stability of these

topological textures.
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Fig. 4. Moirébilayer elastic metasurface with a triangular-lattice arrangement: theoretical,
experimental, and numerical comparisons of the evolution of skyrmion family members. (A)
Experimental setup of the moirébilayer metasurface with a triangular-lattice arrangement. The
inset illustrates the schematic of the triangular lattice. (B) Variation of the skyrmion number within
two integration regions (2 and () as a function of the interlayer twist angle #>. (C) Comparison
of skyrmion numbers obtained from theoretical models, numerical simulations, and experimental
measurements. (D)-(F), Skyrmion family members observed at different twist angles: a moiré
lattice at 8> = 0< a moirésuperlattice at #> = 13.2< and a moiréquasicrystal at 4> = 30< For each
case, the columns present the out-of-plane displacement fields obtained from theoretical
calculations, numerical simulations, and experimental measurements, followed by the

corresponding skyrmion- number density.

To further verify the universality of the proposed twisting mechanism, we extend the lattice

configuration from a square to a triangular arrangement and construct a bilayer moiréelastic-wave

11



metasurface based on a triangular lattice (Fig. 4A). The triangular lattice constant was kept
identical to that of the square lattice (a), which enables a direct comparison of topological
responses under different symmetries on the same geometric scale. Fig. 4B shows the variation of
the skyrmion number as a function of the interlayer twist angle. These integration regions
correspond to the green and black rings marked in Fig. 4D. The results indicate that, for all twist
angles considered, region £ remains occupied by a single skyrmion. In contrast, within region
£, when 6, < 6« = 20.8< the region contains seven individual skyrmions, whereas for 6> > 65+,
the skyrmion number decreases to approximately one, which corresponds to the formation of a
skyrmionium. The corresponding topological charge satisfies S = 1-1+1 = 1, indicating that the

outer annular domain wall and the inner skyrmion reorganize into a concentric structure and

thereby drive the transition from multiple skyrmions to a skyrmionium state.

Theoretical predictions, numerical simulations, and experimental measurements under different
twist angles are presented in Figs. 4D-F. All three show strong consistency in both the spatial
distribution of the topological textures and the corresponding skyrmion numbers. The inset of
Fig.4D further shows the 2D fast Fourier transform of the displacement field, clearly revealing the
evolution of symmetry from a periodic lattice to a moiré superlattice and finally to a moiré
quasicrystal. Specifically, at 8> = 0< the system forms a typical Neel-type skyrmion lattice with m
=1 (hedgehog configuration). At 6, = 13.2°(1 = 2, j = 3), a skyrmion bag appears, in which several
skyrmions are enclosed by an outer envelope of opposite polarity. When 6, = 30< a moiré
quasicrystalline pattern emerges, with the central structure evolving into a skyrmionium and the
periphery self-organizing into a dodecagonal skyrmion ring array. The skyrmion numbers were
calculated for the seven central skyrmions at #> = 0°and the twelve peripheral skyrmions at 6> =
30< both yielding values close to unity (see Supplementary Fig. S12 for details). Furthermore, the
skyrmion numbers of the skyrmion family members at different twist angles were evaluated (Fig.
4C), which show strong consistency among theoretical predictions, numerical simulations, and
experimental measurements. These findings validate the theoretical model and demonstrate that
the proposed moiré bilayer platform enables topological transitions and coexistence across

different lattice symmetries, underscoring the universality and broad applicability.

Discussion
In summary, we propose and experimentally validates a physical platform for the moir&induced
generation of the skyrmion family. By tuning the relative twist angle between the two metasurface
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layers, the platform enables the cooperative evolution of lattice symmetry and topological
properties, thereby providing a unified description of the emergence and transformation of
multiple topological textures. Using an elastic-wave metasurface as the experimental platform, we
observed the generation, coexistence, and transformation of skyrmion family members with
distinct topological charges, such as skyrmions, bimerons, skyrmion lattices, skyrmioniums,
meron lattices, bimeroniums, and skyrmion bags. The observed behavior demonstrates the
robustness of these topological textures. Further phase modulation enables the discontinuous
transport of topological textures while preserving their structural integrity, revealing the phason-
like dynamical characteristics inherent to quasiperiodic systems. This work establishes a moiré
topological evolution framework applicable to diverse wave systems, offering both theoretical and
experimental insights into the mechanisms and control of topological texture formation. Moreover,
the framework offers new design strategies and technical routes for topological particle

manipulation (56,57) as well as on-chip topological devices.

Materials and Methods

Experimental setup and measurements

The bilayer moiréelastic-wave metasurface samples were fabricated by 3D printing with epoxy
resin. A suspension configuration was employed for vibration-mode measurements to minimize
boundary effects. The substrate plate has a thickness of h1 =2 mm, and the cylindrical resonators
have a radius of r = 2 mm and a height of h, = 5 mm. Both square and triangular lattice
configurations were implemented, with a lattice constant of a = 10 mm. The material parameters
are: density p = 1160 kg/m?, Poisson’s ratio v = 0.42, and Young’s modulus E = 2.62 GPa.
Antisymmetric Lamb waves were excited by an array of lead zirconate titanate (PZT-5H) patches
bonded to the top and bottom layers and driven via a laser Doppler vibrometer controller. The out-
of-plane displacement fields over all measurement points on the sample surface were reconstructed
using a PSV-500-1D scanning head. The experimental data were post-processed in MATLAB,
where spatial interpolation was applied to enhance spatial resolution. To ensure measurement
reliability and accuracy, each point was measured five times, and the average value was used for

analysis.

Numerical simulations

Numerical simulations of planar Lamb-wave propagation in the bilayer moiré elastic-wave

metasurface were conducted using the Solid Mechanics module of COMSOL Multiphysics 6.3.

The structural and material parameters in the simulations were kept identical to those used in the
13



experiments. To simulate the incidence of planar Lamb waves, acceleration boundary conditions
were applied to the upper and lower plates, and perfectly matched layers were placed around the
bilayer structure to suppress boundary reflections. To ensure the accuracy and convergence of the
finite-element calculations, the maximum mesh element size was chosen as one twelfth of the
shortest wavelength considered. Frequency-domain simulations produced the 3D displacement
fields of the bilayer moirémetasurface at different twist angles. The Eigenfrequency module was
also employed to calculate the dispersion relations within the first Brillouin zone of a unit cell.
The numerical results were further post-processed in MATLAB to obtain the corresponding
Fourier spectra and skyrmion- number density, from which the skyrmion numbers were

subsequently evaluated
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