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Abstract

Topology, a cornerstone of modern condensed matter physics, has in the past decade played a crucial role in diverse wave systems. As a
powerful wave system, light can be sculpted into an even richer variety of topological structures, including vortices, skyrmions, Mobius strips,
etc., leading to advanced photonic technologies from optical trapping to imaging, across quantum and classical regimes. A recent
breakthrough demonstrated that topologically structured water waves can manipulate particles with intricate spin-orbital motion, and
similar principles have enabled topological control in acoustofluidics, opening new insights in wave-matter interactions. Therefore, we argue
that topological light waves possess an analogous potential, offering a route beyond the scalar-field limitations of conventional optical
tweezers and establishing a new paradigm of multidimensional, vectorial control over matter. This article starts with brief introductions to
optical tweezer technologies and topological light waves, then focuses on their emerging combination: particle trapping and sorting. It
follows with perspectives on how topologies can couple to new degrees of freedom for manipulating complex particle motions previously
inaccessible, and finally discusses potential applications.
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1. Introduction

Topology, a branch of mathematics concerned with properties that remain invariant under continuous deformations, has become a
profound physical principle, revolutionizing our understanding of matter and waves. Its introduction to physics led to the discovery
of exotic phenomena such as topological phase transitions and topological stability, a breakthrough recognized by the 2016 Nobel
Prize in Physics!!-2l,

This powerful concept has since expanded beyond its origins in condensed matter, sparking a revolution in wave physics. The past
decade has witnessed a surge of innovation as researchers have learned to sculpt topological structures into various wave fields.
Notable milestones include the observation of optical and acoustic skyrmions®™], the realization of polarization Mobius strips®l, and
the generation of vortex states in electron and atomic waves!°"'?l. Nowhere has this progress been more dramatic than in optics,
where the ability to engineer topological textures—from skyrmions and merons to hopfions—has profoundly expanded the landscape
of topological light waves!!3"1l, These structures can be imprinted onto various degrees of freedom (DoF) of the light field, including
its electromagnetic vectors!>!171 spinl*18-21l Stokes!*?"24l, and Poynting vectors!>>2°l, and have even been extended into the ultrafast
spatiotemporal domain!?’2"], creating unprecedentedly rich structures of topological waves.

Having mastered the generation of such a diverse set of topological structures, the crucial question arises: how can we harness these
intricate structures to interact with and manipulate matter? A compelling answer has recently emerged from a parallel physical
domain: water waves. There, the controllable generation of topological water-wave structures was predicted and experimentally
confirmed?’-32, revealing that skyrmion and Moébius-strip structures can be transferred to matter to manipulate floating particles.

This milestone provides a powerful proof of concept and raises an even more compelling prospect in optics. The principle of
transferring topology to manipulate particles becomes profoundly more significant when applied to light, given the unparalleled
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advantages of optical tweezers (OTs): their non-contact, non-invasive, and highly precise control. Moreover, the importance of this
technology has already been recognized with the 2018 Nobel Prize in Physics!®3-38]. Therefore, can we sculpt these topologies into
optical fields to control particle dynamics in ways beyond the reach of classical beams?

To answer this question, we must first consider the technology at the heart of the field. The classic OT typically uses the gradient
force from a tightly focused Gaussian laser beam to create a stable “single-point trapping”, a breakthrough that has enabled decades
of research across physics, biology, and medicinel*°*3l, The field’s capabilities were significantly expanded with the advent of
structured light, where engineering the spatial profiles of light beams enabled more complex, multidimensional manipulation[**7l,
Landmark demonstrations include using the orbital angular momentum (OAM) of Laguerre-Gaussian (LG) beams to induce controlled
rotation in trapped particles!*®] and employing Airy beams for transport along curved trajectories!*”). However, despite these
significant advances, the classical paradigm, which primarily relies on sculpting the intensity and phase of scalar fields, is facing
significant challenges in meeting the demands for higher-dimensional and parallelized control.

This perspective will chart the emergence of the powerful synergy between topological light waves and optical manipulation. We
begin by outlining the limitations of the classical paradigm, and then introduce the transformative “Topological Toolkit”, review
pioneering experiments that translate this principle into the optical domain, demonstrating functionalities beyond the reach of
classical methods. Finally, we look to the future, arguing that the convergence of topological principles with optical manipulation will
unlock unprecedented control over matter, and we dissect the grand challenges that must be overcome to realize this ambitious
vision.

2. Technical Reviews

To appreciate the potential of topological light, one must first understand the limitations of the classical paradigm.

2.1 The classical paradigm and its limitations

As illustrated in the left panel of Figure 1, the primary mechanism of OTs is the gradient force, which draws a dielectric particle
toward the region of highest light intensity, creating a stable three-dimensional trap. However, the classical OT, based on a simple
Gaussian beam, is fundamentally a “single-point trapping” with limited functionality. The first major advance beyond the classical
paradigm was the emergence of structured light, where the spatial, phase, and polarization profiles of the beam are deliberately
engineered!*' 100511, This enabled a leap from single-point trapping to multidimensional manipulation!*”. Early demonstrations used
LG beams carrying OAM to impart controlled rotation to trapped particles (Figure 2a)l*8l, while Airy beams enabled curved particle
transport!*’! (Figure 2b). Furthermore, dynamic holographic techniques have unlocked real-time control over particle trajectories in
three dimensions, including trapping along complex paths like rings and toroidal spirals (Figure 2c,d)>>53, Nevertheless, the paradigm
of classical structured light, which relies on engineering the intensity and phase of scalar fields, is constrained by the intrinsic
principles of scalar-field optics. These approaches, while versatile, suffer from several critical limitations that hinder the next
generation of optical control:

Restricted Degrees of Freedom: A classical tweezer provides precise 3D positional control but offers minimal command over a
particle’s orientation. While structured light can induce simple rotation, achieving full six-degree-of-freedom (6-DoF) control is
largely out of reach, as scalar potentials are not designed to generate the sophisticated torques required.

Inefficient Sorting and Separation: Classical methods excel at creating localized potential wells for trapping. However, they are
ill-suited for generating the complex, large-area vector force fields needed for advanced functions like high-throughput sorting of
particles based on intrinsic properties (e.g., size, refractive index, or chirality) or large-scale parallel processing.

Generating Arbitrary Trajectories: While holographic traps can create complex paths, designing the required optical field becomes
exceptionally challenging when the desired particle trajectories are arbitrary or not easily described parametrically.

These challenges highlight the need for a more powerful and robust framework, motivating the search for a new principle in
designing light-matter interactions. Topology is poised to fill this role. It provides a new toolkit based not on sculpting scalar
intensity but on imprinting robust vectorial properties into the light field itself.

2.2 The topological toolkit

The paradigm shift from scalar intensity to topological vectorial fields empowers optical manipulation through a diverse set of
topological structures, each protected by a robust topological invariant that ensures stability against perturbations!'>!4, The bottom
panel of Figure 1 illustrates several of the most important tools in this toolkit, which range from vortices to complex 3D topologies.
These topologies are constructed using different DoF of light, such as its phase and polarization. The most prominent examples
include:

- Optical Vortex: These are phase singularities around which the phase of the light field winds, characterized by an integer
topological charge £, famously endowing the light beam with OAM!4-17:54°57], Figure 1 illustrates a vortex with a topological charge of
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- Mobius Strip: A 2D topology written into the polarization of light, where the polarization vector field undergoes a half-twist along a
closed pathl®8-5859 It is characterized by the half-twist index L,. Figure 1 shows examples of Mobius strips with half-twist indices of
Ly=1and L =

- Skyrmion: A 2D topological texture, typically formed in a vector field of light (e.g., spin, Stokes, or Poynting vector)!!314.2428.001 Tt js
described by an integer skyrmion number Q, which quantifies how the vector field wraps a unit sphere. Mathematically, this
corresponds to a mapping from a 2D plane in real space to the 2D surface of an order-parameter sphere (e.g., the Poincaré sphere for
polarization states). The example in Figure 1 has a skyrmion number of Q = 1. These individual skyrmions can be arranged into
periodic structures, forming a skyrmion lattice!>!%-01.621,

- Knot: Complex 3D structures where lines of constant phase or polarization are tied into nontrivial knots®>8l, A primary example is
the torus knot, which is characterized by a pair of integer knot invariants (p, q) describing its windings on a torus surface. The specific
torus knot visualized in Figure 1 is a (3, 1) knot.

- Hopfion: A 3D topological structure whose fundamental invariant is the integer Hopf number H?!2309731, This number describes the
linking of any pair of fiber-like preimages within the field. While these preimages can form specific linked structures, the Hopf
number H is the global invariant that characterizes the entire Hopfion structure. Figure 1 depicts a Hopfion with a Hopf number of
H = 2. Like skyrmions, hopfions can also be organized into crystalline structures, forming a hopfion crystal’*l.

These topological structures can be generated and controlled on two primary platforms. Free-space systems, using wavefront
shaping technologies like digital holography, offer maximum flexibility and reconfigurability for the generation of topological light
waves!’>7% In parallel, on-chip platforms, based on plasmonic systems, have enabled the realization of diverse photonic topological
textures, not only electric-field®® and spin skyrmions!'®], but also novel topologies like optical skyrmion bagl®*-8!l, Collectively, these
topological structures provide unprecedented components for next-generation light-matter interactions and optical manipulation.

Classical Optical Tweezer Advanced Topological Manipulation
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Figure 1. The evolution from classical OTs to advanced topological manipulation. The classical OT (left panel) utilizes the gradient force from a tightly focused laser beam to
achieve stable “single-point trapping”. This contrasts with advanced manipulation techniques (right panel) enabled by a transformative “Topological Toolkit" (bottom panel).

This toolkit provides a rich set of structures for sculpting light, including optical vortices carrying OAM characterized by the topological charge /; Mébius strips with a
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half-twist indexL,; and skyrmionic textures defined by the skyrmion number Q. The toolkit also extends to complex three-dimensional structures such as optical knots and
hopfions, described by knot invariants (p, q) and the Hopf number H, respectively. These topological structures enable functionalities far beyond simple trapping, such as
inducing orbital motion, creating complex force landscapes for parallel particle sorting, and guiding particles along higher-dimensional trajectories. OTs: optical tweezers;

OAM: orbital angular momentum.
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Figure 2. Optical trapping with classical structured light. (a) Rotation of a polystyrene bead and a glass sliver trapped using a LG mode!®; (b) Transport of particles using an
Airy beam; (c) Optical trapping and transport of microparticles along three-dimensional parametrized trajectories: (left) particles trapped along a single ring in
three-dimension; (right) schematic representation of the trapping configuration®”; (d) Optical trapping with 3D toroidal-spiral beams. The time-lapse image shows particle

flow forming a starfish shape, matching the structure of the trapping beam®. LG: Laguerre-Gaussian. Republished with copyright permission from{452°3,

3. Topological Light Waves for Particle Manipulation

The theoretical promise of the topological toolkit is now being realized in a series of pioneering experiments that overcome the
limitations of classical optical manipulation. The development of these advanced platforms is advancing along two primary strategic
thrusts, as categorized in the framework of Figure 3.

On the one hand, the first strategy prioritizes reconfigurable systems to achieve flexible and multifunctional topological
manipulation. This approach leverages dynamic technologies—such as holography in free space or tunable elements on-chip—to
provide flexible control over topological fields. On the other hand, the second strategy focuses on integrated platforms, using
technologies like metasurfaces and photonic crystals to create compact, robust, and scalable devices. This path is essential for
translating topological manipulation from laboratory setups to practical, miniaturized applications.

3.1 Reconfigurable free-space systems for advanced control

Following the first strategy, reconfigurable platforms in free space offer unparalleled flexibility for complex manipulation. A
significant advance is the development of 6-DoF OTs that emulate rigid-body mechanics, enabling full control over a particle’s
position and orientation (surge, sway, heave, roll, pitch, and yaw), as shown in Figure 3al®?l. Another innovative technique involves
shaping a beam into an “optical skipping rope” to generate transverse OAM, which induces previously inaccessible orbital motions
parallel to the optical axis, such as along an oblique coil (Figure 3b)[3L

3.2 Reconfigurable on-chip platforms for parallel sorting

On-chip platforms are an emerging frontier for applications requiring flexible and parallel manipulation. One approach uses surface
plasmon polaritons to create tunable optical lattices (Figure 3c), where adjusting the input polarization and phase can transform the
topological structure of the lattice, enabling functions like sorting chiral particles!®l. However, these plasmonic systems suffer from
high ohmic loss and thermal effects!®*"l. To overcome this, a promising direction is to use all-dielectric platforms. As shown in
Figure 3d, interfering Bloch surface waves on a transparent multilayer can create robust topological lattices in the magnetic field and
spin vector, offering markedly reduced heating and enabling large-scale, size-dependent sorting of nanoparticles!®l.
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Figure 3. A framework for topological optical manipulation platforms, categorized by two primary strategic thrusts: reconfigurable systems for flexibility and integrated
systems for compactness and robustness. (a, b) Reconfigurable free-space systems for advanced control, including (a) 6-DoF manipulation® and (b) transverse OAM
generation®™; (¢, d) Reconfigurable on-chip platforms for parallel sorting using (c) tunable plasmonic lattices™® and (d) lossless all-dielectric magnetic lattices!®;
(e, f) Integrated free-space systems for compactness, featuring (e) a metalens for vacuum levitation® and (f) a single metasurface combining trapping and rotation®”;
(g, h) Integrated on-chip devices for high-throughput, precision manipulation, such as (g) virus trapping with nanocavities®®! and (h) subwavelength sorting with optical
meronst®?, Relevant subfigures (a-d, f, h) are labeled in their upper-right corners to link them to the corresponding concepts from the Topological Toolkit' (Figure 1).

6-DoF: six-degree-of-freedom; OAM: orbital angular momentum. Republished with copyright permission from?6##5),

3.3 Integrated free-space systems for compactness

In complement to the reconfigurable systems described above, and inspired by advances in metasurface tweezers!*’], we envision a
new frontier. This approach would trade real-time reconfigurability for major gains in compactness, robustness, and functionality,
realized through highly integrated platforms. Although the following examples do not yet demonstrate complex topological
manipulations, they represent crucial foundational manipulations. In the free-space domain, this has led to ultrathin, metalens-based
OTsl?9%31, As shown in Figure 3e, a single high-numerical-aperture metalens can achieve stable optical levitation of nanoparticles in a
vacuum, paving the way for sensing and portable systems!®°l. Furthermore, functionality can be integrated by designing a single
metasurface that simultaneously acts as an OT for trapping and an optical spanner for imparting rotation, as shown in Figure 3ff87],

3.4 Integrated on-chip devices for high throughput

For on-chip applications, the frontier lies in creating integrated devices for functional and high-throughput tasks. One such platform
uses engineered arrays of nanocavities to enhance optical forces, enabling the efficient trapping, patterning, and sorting of large
quantities of nanoparticles, including viruses as small as 40 nm (Figure 3g)!®8l. For even higher precision, another approach utilizes a
photonic crystal to generate topological textures in the Poynting vector, such as merons and antimerons (Figure 3h). These structures
create complex optical force fields that can sort nanoparticles with 10 nm precision, demonstrating deep-subwavelength
manipulation in a lossless environment?°l.

4. Outlook

The experiments and platforms discussed so far show a clear shift in the field. The powerful combination of topological light waves
and optical manipulation is not just a small step forward; it represents a new paradigm. Looking forward, the central challenge and
opportunity lie in the synthesis of specific topological structures with advanced manipulation schemes. For instance, it is envisioned
that integrating skyrmionic beams with OTs could offer new ways to rotate particles, with the ultimate goal of achieving full 6-DoF
control while also controlling an object’s spinl?Yl. In parallel, exploring the rich physics of novel on-chip topologies, such as the
recently discovered optical skyrmion bags!®’l, could open a new frontier for studying near-field particle dynamics. Such
physics-driven approaches, which focus on using the unique properties of each topological feature, will likely lead the field toward
truly higher-dimensional and versatile optical manipulation.
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4.1 Transformative applications on the horizon

Researchers are quickly learning to use a wide range of complex light-matter interactions, from novel spin-gradient and curl torques
to counterintuitive optical backflow and long-range pulling forces, enabling sophisticated vectorial control over 3D trajectories and
torques!” . These fundamental discoveries are inspiring new platforms and functionalities, ranging from all-optical particle blasters
to integrated imaging systems!'?0-103l, Building on these trends, we can see several key areas where combining topological light waves
with optical manipulation will be transformative:

Advanced Biomedical and Diagnostic Tools. The unique capabilities of topological light waves hold the potential to drive significant
advances in biology and medicine. We envision the development of dedicated metasurface sorters for high-throughput applications,
like diagnostic chips or microfluidic processors. A particularly exciting frontier is the sorting of chiral molecules (enantiomers), where
the tailored chirality of topological fields could enable highly sensitive separation—a task of immense importance in pharmacology
and biochemistry!'’4. Because many topological fields possess intrinsic chirality and complex 3D vector structures, they could enable
precise enantiomer separation in ways that are impossible with conventional scalar fields!05-108],

To realize these applications, we envision two primary experimental platforms. First, for free-space manipulation (e.g., advanced
6-DoF control), a versatile setup would combine a generation stage with a high-NA focusing stage. The topological beam, such as an
optical skyrmion, could be generated dynamically using digital holography?!-2?] or statically using compact elements like
metasurfaces!’®’"] or designed wave plates!'?"'2l. This beam would then be focused by a high-numerical-aperture objective to
concentrate its topological properties and enhance the localized optical forces. Second, for on-chip topological manipulation, we
propose two concrete approaches: (a) fabricating dedicated metasurfaces designed to excite specific topological near-fields, such as
optical merons or skyrmion lattices, for high-precision sorting; or (b) integrating holographic control with optical surface-wave
systems, where a shaped beam excites a topological surface-wave field on a specific substrate.

Frontiers in Quantum and Atomic Physics. The ability to transfer topology from light to matter opens up important applications in
other fields, like quantum physics. For instance, the topology of a light field can be directly imprinted onto a quantum fluid, such as a
Bose-Einstein condensate, to create, control, and study topological excitations!'!3-!'4l, This technique can also be applied to
manipulate the quantum states of atoms, offering new tools for fundamental research!!!>!1¢],

Hybrid Manipulation Platforms. Looking beyond purely optical systems, the programmability of topological light waves can be
merged with other manipulation techniques. By leveraging photoacoustic effects, for example, the precision of OTs can be combined
with the potent, large-scale manipulation capabilities of acoustic waves!!!’l. This opens the door to harnessing the growing library of
acoustic topological structures for advanced particle control.

4.2 Grand challenges

However, to turn these exciting possibilities into reality, the field must first overcome several major challenges:

Understanding the Mechanisms of Topology Transfer to Matter. To move from successful experiments to designing from basic
principles, a deeper, quantitative understanding of the interaction between complex topological fields and particles is essential. This
requires developing complete theoretical models that can accurately predict the forces and torques on particles of arbitrary size,
shape, and material composition. Mastering these mechanisms will be the key to optimizing and tailoring topological light waves for
highly specific and efficient manipulation tasks.

Enhancing Nanoscale Light-Matter Interaction. A primary hurdle, particularly for the goal of sorting chiral molecules, is the weak
interaction between light and nanoscale objects. As a particle’s size decreases, its scattering and absorption cross sections quickly
decrease. A critical challenge is therefore to develop methods to significantly enhance the optical forces exerted on nano-objects.
This will require novel strategies, perhaps combining topological fields with plasmonic or resonant dielectric nanostructures to
amplify the local fields and forces to a level where the experimental sorting of individual molecules becomes possible.

Dynamic Generation and Characterization. Many advanced applications will require the ability to dynamically reconfigure complex
3D topological fields in real-time. Recently, mind-controlled optical manipulation based on human-computer interaction has
emerged, offering a novel interactive operation schemel!!®]. It has also been demonstrated that the confinement volume during
trapping can be effectively reduced by using a wavefront-shaping-inspired strategy!!'°l. In addition, by integrating artificial
intelligence (AI) or deep-learning technologyi, it is possible to effectively improve their design, calibration, and real-time control('?°l,
For instance, deep-learning models can solve the complex inverse-design problem, rapidly generating the required holographic
patterns to produce arbitrary 3D topological fields. Furthermore, Al-driven algorithms can be used for real-time aberration
correction and to implement feedback loops that dynamically adjust the optical field, enabling the stable and precise manipulation of
particles even in fluctuating environments!'2*122,

In conclusion, the field of optical manipulation stands at the threshold of a new era. By embracing the robust principles of topology,
we are poised to develop tools that can control matter with a finesse and complexity that was previously unattainable. The path
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forward is challenging, but the potential rewards—from new diagnostic tools to fundamental discoveries in physics and biology—are

immense.
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