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Sammanfattning

Att begrdnas den Brownska rorelsen pa mikro- och nanometerskalan for att
uppna precis kontroll 6ver objekt dr avgdrande inom materialvetenskap och biologi.
Betydande framsteg har gjorts i att fanga och manipulera mikroskopiska objekt,
antingen genom att skapa gradienter via externa fysiska filt eller genom att kon-
struera system som utvinner energi for autonom rorelse. Dessa tekniker bygger
pa exakt tillampning av optiska och elektromagnetiska krafter, och nya framsteg
inom mikro- och nanofabrikation har éppnat mojligheter for effektiv manipulation
av mikroskopiska objekt.

Denna avhandling tillampar traditionella mikro- och nanofabrikationstekniker
for att skapa mikro- och nanostrukturer som manipulerar krafter, framst den kri-
tiska Casimir-kraften och optiska krafter, for att kontrollera mikroskopiska objekt.
Jag visar att periodiska mikromoénsterkan kan tillverkas pa ett substrat och att
kemisk funktionalisering kan ge hydrophila och hydrofoba egenskaper. Vid den kri-
tiska temperaturen av en bindr vétska genereras attraktiva och repulsiva Casimir-
krafter mellan monstren och mikropartiklarna, vilket mojliggor stabil infangning
och manipulation av partiklarna. Man 6vergar darvid fran passiv kontroll till aktiv
rorelse genom metaytor som modulera det optiska filtet och integreras i mikropar-
tiklar (mikrosimmare). Detta mojliggor ljus- och rorelseméngdstutbyte under laser-
belysning, vilket ger en autonom rérelse. Genom att variera designen av metaytorna
och ljusets intensitet och polarisation kan komplexa beteenden uppsta hos dessa
mikrosimmare. Dérefter integreras mikrosimmarna pa ett chip, vilket skapar ”on-
chip”-mikromotorer kopplade via véxelkonstruktioner, som bildar miniatyrmask-
iner som kan utfora olika funktionella uppgifter. Genom att andra konfigurationen
och avstanden mellan maskinerna kan precis, multifunktionell kontroll 6ver fluid-
dynamik uppnas, vilket underléttar transport av mikroskopiska objekt. Resultaten
fran denna forskning indikerar innovativa metoder for skalbar och effektiv manip-
ulation av partiklar, mer intelligenta mikrorobotar och kraftfulla miniatyriserade
”on-chip”-maskiner, med tillimpningar inom en rad olika omraden och branscher.

Keywords:mikro- och nanoskalig manipulation, mikro- och nanofabrikation, kritisk Casimir-
kraft, mikrosimmare, metasurface, mikromaskin, fluidkontroll



Abstract

Overcoming Brownian motion at the micro- and nanoscale to achieve precise control
of objects is crucial for fields such as materials science and biology. Significant progress
has been made in trapping and manipulating micro- and nanoscale objects, either by
generating gradients through external physical fields or by engineering systems that can
harvest energy from their environment for autonomous motion. These techniques rely on
the precise application of forces, such as optical and electromagnetic forces, and have found
extensive applications across various scientific disciplines. Recent advances in micro- and
nanofabrication technologies have greatly enhanced the generation and regulation of these
forces, offering new possibilities for manipulating micro- and nanoscale objects.

This thesis applies traditional micro- and nanofabrication techniques, typically used in
semiconductor manufacturing, to construct micro- and nanostructures for manipulating
forces, primarily critical Casimir forces and optical forces, to achieve precise control over
microscale object movement.

I first show the fabrication of periodic micropatterns on a substrate, followed by chem-
ical functionalization to impart hydrophilic and hydrophobic properties. Near the critical
temperature of a binary liquid, attractive and repulsive critical Casimir forces are gener-
ated between the micropatterns and microparticles. These forces allow the stable trap-
ping of the microparticles on the substrate and the manipulation of their configuration
and movement. Then, my research transitions from passive control to active motion by
fabricating metasurfaces capable of modulating optical fields and embedding them within
micro-particles (microswimmers). This enables light-momentum exchange under planar
laser illumination, resulting in autonomous movement of the microswimmers. By varying
the metasurface design as well as the intensity and polarization of the light, complex be-
haviors can emerge within these microswimmers. Subsequently, My research focused on
using these microfabrication techniques to build micromotors integrated on a chip surface.
These micromotors couple with other objects through gear structures, creating miniature
machines that can execute functional tasks. Finally, by altering the configuration of these
machines and the distances between them, I acheived precise, multifunctional control over
fluid dynamics, facilitating the transport of micro- and nanoscale objects.

Insights gained from this research suggest innovative manufacturing approaches for
scalable manipulation of particles, more intelligent microrobots, and powerful miniaturized
on-chip machines, with applications across various fields.

Keywords: micro- and nanoscale manipulation, micro-nano fabrication, microswimmer,
critical Casimir force, metasurface. micromachine, fluid control
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Chapter 1

Introduction

Since my undergraduate studies, I have been thinking about the relationship between
science and technology, especially how they complement and integrate with each other.
Science seeks to discover the basic laws of Nature, while technology focuses on applying
these theories to real-world problems. As I moved forward in my doctoral research, I real-
ized that there are no clear boundaries between them; rather, they are interconnected and
advance together. A notable example is laser technology. The theoretical basis for lasers
comes from Einstein’s 1917 theory of stimulated emission [1], a fundamental discovery in
quantum mechanics. Scientists studied photon behavior to understand how to control and
amplify light, establishing the scientific foundation for the laser. By the 1960s, techno-
logical advances enabled the practical realization of this theory, exemplified by Theodore
Maiman’s creation of the first laser [2]. The impact of lasers extends beyond their ini-
tial invention, as they drive further scientific research, such as precision measurement [3]
and laser cooling of atoms [4], particles trapping experiments [5]. Part of the research
conducted in this thesis builds on this foundation by utilizing lasers to control the move-
ment of microparticles. This exemplifies how science and technology support each other,
fostering progress and new discoveries in the modern world.

This synergy between science and technology is mirrored in another significant trend
observed over the past fifty years: the advancements driven by Moore’s Law, which predicts
that the number of transistors on integrated circuits will double approximately every 18 to
24 months [6]. This trend has been crucial to the global technological revolution, reflecting
how theoretical insights in semiconductor physics have informed practical innovations. As
transistor sizes have continued to shrink to just a few nanometers and shifted toward three-
dimensional integration [7], computer performance has dramatically increased, resulting
in devices that are more compact and energy-efficient. These advancements have enabled
the realization of transformative technologies such as personal computers, smartphones,
Internet of Things (IoT) devices, and artificial intelligence (AI).

Moreover, Moore’s Law has not only advanced the development of electronic devices
but has also propelled progress in micro- and nanofabrication technologies. Photolithog-
raphy has evolved from mercury lamp sources with wavelengths of 436 nm (g line) and
365nm (I line) to deep ultraviolet (DUV) sources at 248nm (KrF) and 193nm (ArF),
and ultimately to extreme ultraviolet (EUV) lithography at 13.5nm [8]. This progression
has enabled micro- and nanofabrication to advance from the micromoter scale to 7nm
and even below 5nm. This technology has had profound impacts on other fields, such as
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mechanical engineering, where micromechanical devices (e.g., micromotors and microac-
tuators) perform functions traditionally handled by large equipment in very small spaces,
and are widely used in micromechanical systems, accelerometers, gyroscopes, digital mi-
cromirror devices (DMD) [9], Lidar [10], microsurgical instruments [11], and microfluidic
devices [12].

Furthermore, advancements in micro- and nanofabrication have enhanced our under-
standing of micro- and nanoscopic forces, such as van der Waals forces [13], Casimir
forces [14], and nanoscale friction [15]. They have also driven advancements in optics,
leading to development in micro-lasers (Micro-LEDs) [16], microlenses [17], micro-optical
sensor [18], and optical waveguides [19]. These technologies not only improve device per-
formance but also drive progress in cutting-edge fields such as optical communication,
display technology, medical devices, and autonomous driving.

In the last few decades, scientific research has increasingly shifted from the macro-
scopic scale to the micro- and nanoscale, where materials often exhibit properties that
differ significantly from those observed at large scales [20]. For example, nanoparticles
can show unique color changes due to size effects. These distinctive properties of micro-
and nanomaterials arise from quantum effects and surface effects [21], which are typically
not visible at the macroscopic scale. Consequently, research at the micro- and nanoscale
has become a key frontier in modern science. A key challenge is overcoming the Brownian
motion of micro- and nanoobjects to achieve precise control and study of their physical
and chemical properties. Brownian motion leads to the random movement of micro- and
nanoparticles within a fluid, complicating their manipulation and observation. Therefore,
researchers need to develop technologies capable of effectively controlling and manipu-
lating micro- and nanoobjects to accurately measure and understand their behavior and
properties at this unique scale.

The advancements in microfabrication techniques driven by the development of inte-
grated circuits provide a crucial technological foundation for research at the micro- and
nanoscale. Advanced microfabrication techniques make it possible to construct complex
optical and mechanical structures on chip, in turn, facilitating precise control of objects
at micro- and nanoscale. For example, the optical enhancement provided by plasmonic
structures formed by on-chip nanostructures can enable the trapping of particles as small
as few nanometers [22,23], overcoming the limitations of traditional optical tweezers. With
the aid of these advanced fabrication techniques, research has evolved from simple particle
trapping and manipulation to imparting intelligence to micro- and nano-objects, ultimately
leading to the development of multi-functional microrobots. Integrating photovoltaic cells,
micro-actuators, and even micro-circuits into robots with dimensions of hundreds of mi-
crometers enables capabilities such as locomotion on flat surfaces [24], programmable
behavior [25], and the ability to mimic ciliary action for microfluidic control [26].

Following a brief introduction, I will demonstrate how I apply microfabrication tech-
niques—such as thin film deposition, photolithography, and etching—to fabricate chips
for studying torque generated by the forces occurring at the micro- and nanoscale. I will
also show how this torque is used to manipulate microfabricated disk particles and col-
loids, typically a few micrometers in size. Additionally, I will discuss the fabrication of
nanophotonic structures that impart intelligence to particles, enabling them to exhibit
complex swimming behaviors in liquid under optical illumination. These particles are
then integrated into chips to create functional on-chip micromachines, which are applied
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to fluid control. For more details, for each study performed during my PhD, i will present:
a short motivation, the current state-of-the-art, the aim of the study, and at last the main
results found.

1.1 Nanoalignment by critical Casimir torques

The manipulation of microscopic objects, such as colloids and nanoparticles, is crucial
across various research fields, including nanotechnology [27,28] and materials science [29,
30]. However, controlling these micro- and nanoparticles presents significant challenges due
to thermal fluctuations present in the environment. To address these challenges, external
physical fields, such as magnetic [31-35] optical [23,36-39] and electric [40-44] tweezers,
are employed to control particle movement. Nevertheless, these methods face limitations in
achieving precise and scalable manipulation, as well as in configuring and aligning particles.
Recently, critical Casimir forces — arising between micrometer-sized objects due to phase
transitions in binary liquids induced by external temperature changes — have attracted
considerable interest [45]. These forces can be either attractive or repulsive depending on
the wetting properties (hydrophilic or hydrophobic) of the objects [46,47]. Utilizing these
properties, critical Casimir forces have been employed for particle assembly to create new
matter [48] and study their physical and chemical physical and chemical phenomena [49],
and overcoming the quantum electrodynamic (QED) Casimir forces in MEMS devices to
mitigate stiction issues [50]. Despite these advancements, the potential of critical Casimir
forces remains largely unexplored in comparison to Casimir forces, especially concerning
the use of critical Casimir forces to manipulate the movement of microparticles [50-52].

Here, I employed microfabrictation techniques such as photolithography and film de-
position to construct a large-scale periodic substrate. The substrate is composed of a
fused silica (SiO3) base with a 25-nm-thick patterned gold film deposited on its surface.
By functionalizing the gold with thiols, the gold regions were made hydrophobic, while
the SiO9 regions remained hydrophilic. The substrate was used to trap 3 pm colloidal and
2.4 um disk particles by critical Casimir forces, which arise near the critical point of a
phase transition in binary liquids. The disk particles were also fabricated by microfabri-
cation techniques. A novel configuration was discovered, where the disks align vertically
with respect to the patterned substrate, resulting from the balance between attractive
and repulsive critical Casimir forces, electrostatic force and gravity. By adjusting the
design of the substrate, the critical Casimir torque was exploited to manipulate the orien-
tation of these disk particles while maintaining their vertical configuration. Beside particle
trapping, the critical Casimir force was utilized to create a Brownian ratchet, where the
magnitude of the force — correlated with the interaction area between the particles and
the underlying pattern — was regulated by modifying the area of pattern. This allowed for
the control of particle movement, enabling both straight and curved trajectories. Comb-
ing temperature-controlled open-loop systems with a series of microfabricated patterns
to generate multiple Brownian ratchets, the particles were directed over long distances
in a defined direction. Finally, I demonstrated that the critical Casimir torque can be
employed for the selective trapping of chiral particles, where particles were trapped only
when the chirality of the pattern matched that of the particles. A detailed exploration of
these finding is provided in Section 4.1 and Paper I.
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1.2 Light-Driven Microswimmer with Complex Be-
havior

Considerable progress has been achieved in manipulating micro- and nanoparticles in
liquids by overcoming Brownian motion through the application of external fields. A
promising area of research is the development of self-propelled particles, known as mi-
croswimmers, which can harvest energy from their surroundings for autonomous motion.
These particles emulate biological systems like bacteria and hold potential for applications
in biomedicine for targeted drug delivery and in environmental remediation for pollutant
degradation. Most current microswimmers utilize a Janus structure, where one side is
coated with materials that respond to chemical [53-56], electric [57-59], magnetic [60-63],
acoustic [64-66] or optical fields [67—70], facilitating directed propulsion. However, this
design restricts their range of behaviors. While manipulating external fields can induce
complex behaviors, it often makes the particles resemble puppets, thereby diminishing
their autonomy. The long-term goal is to create intelligent particles that can autonomously
exhibit a variety of complex motion trajectories in stable external fields without external
control. Yet, designing and fabricating these microswimmers based solely on simple prin-
ciples under a single field — rather than relying on the integration of multiple physical
fields — presents significant challenges.

To address this challenge, I drew inspiration from some previous work on using light
metasurfaces to drive metavehicles [71]. By employing traditional photolithography tech-
niques, I embedded the same metasurface into microswimmers of identical shape but with
varying metasurface distributions. This approach creates asymmetric force distributions
that generate optical torque, causing the swimmers to rotate along circular trajectories.
By adjusting the amount of metasurface on each swimmer, I can control the torque, en-
abling the particles to exhibit elliptical motion. Additionally, altering the metasurface
orientation regulates the direction of rotation. The shapes of the particles can also be
freely modified, resulting in a diverse array of motion trajectories. Furthermore, the par-
ticles respond to polarization; dynamically adjusting the light’s polarization reveals even
more complex trajectories. A detailed exploration of these finding is provided in Section
4.2 and Paper II.

1.3 Light-Driven Micromachines

Although our light-driven microswimmers demonstrate diverse behaviors and can be fabri-
cated into various configurations using microfabrication techniques, their operation is con-
fined to liquid environments. In such media, their motion becomes random and influenced
by external factors when illumination is removed, making it challenging to couple them
into complex systems capable of performing sophisticated tasks. While optical [72] and
optoelectronic tweezers [73] can facilitate coupling, these methods are unstable without
continuous illumination. Therefore, developing on-chip integration methods is essential.
To address these limitations, we have developed a novel fabrication process that in-
tegrates rotational microswimmers into glass chips using three-dimensional structures,
enabling stable on-chip rotation. Using the high precision of semiconductor photolithog-
raphy, we have achieved the coupling of multiple micromotors to construct microscopic
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geared mechanisms with sizes well below 100 pm. This represents a significant advance-
ment, as conventional semiconductor techniques for electrostatic or mechanical actuation
are typically limited to dimensions down to a fraction of a millimiter. While far-field
methods such as magnetic or electric fields can further miniaturize systems, they require
specialized responsive materials, complicating the integration of heterogeneous compo-
nents and their compatibility with existing microfabrication processes. Optical tweezers,
constrained by the need for localized light fields, are limited in scalability and are primarily
suited for manipulating single motors rather than complex multi-motor systems.

In contrast, our use of metasurfaces, which are compatible with CMOS fabrication
processes, provides greater flexibility in designing complex on-chip architectures. This ap-
proach enables the construction of microscale systems that exhibit mechanical advantages,
such as speed and torque amplification, similar to those found in macroscopic mechani-
cal systems. Operating under linearly polarized 1064 nm laser illumination, these devices
allow for precise control of rotation speed through adjustment of light intensity. Fur-
thermore, the circular polarization of light was used to dynamically control the rotation
direction of motors, allowing for advanced manipulation capabilities. Beyond rotational
motion, the integration of gears and racks facilitates the conversion of rotation into linear
movement, expanding the functionality of these devices. A detailed exploration of these
finding is provided in Section 4.3 and Paper III.

1.4 Micromotor-Assisted Optofluidics

Once miniaturized rotary motors and functional machines have been developed and fully
integrated into chips, the next step is to employ them for applications. The manipulation
of microfluidic flows facilitates the handling of micro- and nanoscale objects, which is
essential, for example, for drug screening [74,75] and chemical reaction [76,76]. A key goal
in this field is the creation of fully integrated automated liquid handling systems that can
replace traditional, bulky fluid-driving devices such as pumps [77-79]. Recent research
has focused on light-driven mechanical components to facilitate this advancement, as they
can operate effectively within narrow fluid channels. However, these systems typically rely
on focused, high-intensity light [80], which restricts their scalability. Although structured
light devices can address this limitation, they require feedback control [73,81], increasing
overall complexity. Additionally, light-driven systems are normally constrained by specific
geometries, which limits their applicability. The chip integrated metasurface-driven micro-
motors in Paper II work under plane wave illumination and are not constrained by
specific configurations, effectively overcoming these limitations.

I investigated the effects of individual motor rotation on the surrounding fluid field,
using SiOq particles as tracers to map flow patterns and validate the results through sim-
ulations. High-precision photolithography enabled the fabrication of motors with varying
inter-motor distances. By adjusting the metasurface orientation, motors rotating in op-
posite directions were integrated on the same chip, replicating the function of traditional
pumps. The fluid field exhibited linear and curved flows depending on the motor arrange-
ment, allowing for precise manipulation of fluid dynamics. To demonstrate the platform’s
potential for reconfigurable fluid control, I constructed a 4x4 motor array where the ro-
tation direction of each motor could be defined. This configuration generated linear,
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rotational, and reciprocating flow fields, as well as more complex flow patterns. Addition-
ally, by controlling circular polarization of light, integrated microfluidic valves and pumps
were created, enabling reconfigurable control of fluid motion. A detailed exploration of
these finding is provided in Section 4.3 and Paper IV.

1.5 Thesis Outline

This thesis is structured into six chapters, each addressing a different aspect of my research:

Chapter 2 provides the background for the work conducted in this thesis, focusing on
the key research fields that are most relevant to my research. It also discuss the current
limitations and challenges in these fields, which serve as the motivation for the research
presented here.

Chapter 3 gives an overview of the research tools and methodologies employed
throughout my experiments. This chapter describes the fundamental principles behind
these tools, facilitating a clear understanding of the experiments conducted and the tech-
nical approaches implemented in the research.

Chapter 4 offers a detailed account of the research I conducted during my PhD. This
chapter focuses on summarizing the key findings from each research projects, specifically
highlighting my contributions to each study.

Chapter 5 draws conclusions from the research carried out over the PhD. It also
provides insights into potential future research directions and how the work presented
here can be expanded upon in subsequent studies.



Chapter 2

Background

The focus of Papers I-IV is the application of microfabrication techniques to develop
micro- and nano-structures for controlling microparticle behavior. This chapter provides
a brief overview of the background for the research presented in each paper. I begin by
reviewing key principles of physical gradients such as magnetic, electric, acoustic, optical,
and thermal fields used to overcome Brownian motion in passive particles and enable pre-
cise movement control. The advantages, limitations, and practical applications of these
approaches are discussed. I then introduce the principle and application of the critical
Casimir force, controlled by temperature, as applied in Paper I to manipulate passive
particle movement. Next, I discuss active particle systems, specifically microswimmers,
which can harness energy from their environment. I provide an overview of various types of
microswimmers that use magnetic, optical, chemical, or electric fields for self-propulsion.
A specific focus is on light-driven microswimmers using nanostructures to modify the light
field, as explored in Paper II. Building on the background of Paper III, I present var-
ious micromotors that differ from microswimmers by achieving rotational motion through
external physical fields. Finally, I introduce the research on using motors for fluidic ma-
nipulation, which serves as the background for Paper IV.

2.1 Micro- and nanoparticle manipulation approaches

When microscopic particles are observed under a microscope, it becomes evident that
they do not remain stationary [82]. Whether these particles are dust motes floating in
sunlight or colloidal particles suspended in water, they exhibit a continuous, erratic mo-
tion. This phenomenon is termed Brownian motion, named after the botanist Robert
Brown, who first documented it in 1827. Brownian motion is characterized by the random
thermal movement of particles suspended in a fluid, driven by their interactions with the
fluid molecules. These collisions are isotropic and non-uniform, resulting in unpredictable
trajectories. Large particles, due to their greater mass, exhibit less pronounced Brown-
ian motion, while micro- or nanometer-sized particles are more significantly perturbed by
thermal agitation, resulting in more noticeable random movement. This phenomenon is
quantitatively described by the mean squared displacement (MSD), which measures the
average squared distance that particles travel over time. The MSD is given by

(Ar2(t)) = 6Dt

7
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where (Ar2(t)) represents the MSD, and D is the diffusion coefficient. The diffusion
coefficient D is determined by

D_ kT
6mnr
Here kp is the Boltzmann constant, T is the temperature,n is the fluid’s dynamic viscosity,
and r is the particle’s radius. This relationship shows that smaller particels, with their
smaller radius r, experience higher diffusion coefficients and thus exhibit more pronounced
Brownian motion. Conversely, higher fluid viscosity (n), reduces the diffusion coefficient,
affecting particle movement [83,84]. Fig. 2.1a shows the Brownian of a disk-shaped
particle.

Overcoming Brownian motion is crucial for the precise manipulation of micro- and
nanoparticles, with broad implications across scientific and technological fields [27, 28,85,
30,86,29,87-89]. For example, controlling motion of particles allows for the investigation of
fundamental physical phenomena at microscopic scales, such quantum effects [85,90] and
nanoscale interactions [91,92], and facilitates the development of advanced materials with
tailored properties. Additionally, it enables the precise manipulation of cells [93,94] and
biomolecules [95,96], which accelerates drug discovery and enhances our understanding of
cellular processes. Thus, effectively overcoming Brownian motion to manipulate micro-
and nanoparticles is fundamental to advancing research and applications across diverse
scientific domains.

The manipulation of micro- and nanoparticles is commonly performed through the
application of external fields [97-99], which create gradients to control their movement and
orientation. These fields can be magnetic [31-35], optical [36,23,37-39], electric [40-44],
acoustic [88,100-103], or temperature [104-108], each providing a different approach for
controlling the particle dynamics.

Magnetic fields are commonly employed to manipulate magnetic objects, providing a
versatile and non-contact method of control. The field can be generated using coils [109],
which produce magnetic fields of varying directions and strengths by adjusting the elec-
tric current flowing through them, or permanent magnets [110], which offer a constant
magnetic force and can physically move or position objects. Coils are particularly useful
for dynamic applications, as the magnetic field they generate can be precisely controlled
and modulated in real time, while permanent magnets are more suitable for stable, fixed
operations [111]. Magnetic fields are commonly used for the separation and purifica-
tion of biomolecules, such as proteins, DNA, and cells [112,113], as well as for studying
physical and chemical phenomena at the single-molecule level by manipulating magnetic
particles [114,115]. As shown in Fig. 2.1b, magnetic tweezers are used to study the poly-
merization kinetics of a catalyst-driven ring-opening metathesis polymerization (ROMP)
reaction. The growing polymer chain is tethered at one end to a magnetic particle and
anchored at the other end to a substrate. A magnetic field are used to trap the particle
and applied force to move it along the Z-axis. As the chemical reaction extends the poly-
mer chain, real-time tracking of the particle’s position provides insight into the polymer
growth kinetics [31].

Similar to magnetic fields, the manipulation of micro- and nanoparticles of electric
fields is based on the interaction between the particle and electric fields such as dielec-
trophresis [116,117], electrophoresis [118], electro-osmosis [119] and electro-rotation [120].
Dielecrtophoresis (DEP) is the force experienced by neutral particles in a non-uniform
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Figure 2.1: Particle manipulation by overcoming Brownian motion using var-
ious approaches. a Trajectory of disk-shaped particles in solution due to Brownian
motion. Scale bar: 1um. b Schematic of magnetic tweezers. A magnetic particle, at-
tached to a growing polymer chain, is trapped and pulled upward by magnetic forces. The
particle is connected to a catalyst that inserts new monomers (blue spheres), causing the
polymer to extend [31]. ¢ Electrokinetic effects, such as electrophoresis, electroosmosis,
and electrical alignment both in-plane and out-of-plane, are used to control the transport
and orientation of nanorods [42]. d Schematic showing colloidal clusters confied within
acoustic wells through the application of surface acoustic waves (SAWs) along the = and
y axes. Below, an illustration depicts the formation of a colloidal crystal monolayer by
vertically concentraing particles using harmonic SAWs [88]. e The optical tweezer is uti-
lized to trap multiple particles and investigate the non-additivity of the critical Casimir
force between them. The interaction between the particles is represented by the potential
as the system’s temperature approaches the critical point of a binary liquid solution [37].
f Schematic of the localized laser cooling process on the substrate and the resulting ther-
mophoretic trapping of particles at the cold region [104]. Images (b-f) are reproduced
with permission from Refs [31,42,88,37,104]

h (nm)



10 Background

electric field, influenced by their polarizability. Polarizability is determined by the dielec-
tric constant and conductivity of both the particle and the surrounding medium [121].
When exposed to an electric field, particles become polarized, with the extent of polar-
ization indicating the charge distribution relative to the medium. Particles with a higher
dielectric constant or conductivity than the medium experience positive dielectrophoresis,
moving toward regions of higher electric field strength. Conversely, particles with a lower
dielectric constant or conductivity exhibit negative dielectrophoresis, moving toward re-
gions of lower electric field strength. Electrophoresis is a process in which charged particels
migrate under the influence of an electric field. The field generates Coulombic forces that
drive the particles along its direction. Positively charged particles move towards the neg-
ative electrode, while negatively charged particles travel towards the positive electrode.
Electro-osmosis is the movement of liquid along a solid surface driven by an electric field.
When the liquid interacts with a charged solid surface, it creates an electrical double
layer: a fixed layer of charge on the solid and a mobile layer of ions in the liquid. The
application of an electric field exterts electrostatic forces on the ions in this double layer,
which drives the flow of the liquid. Electrorotation describes the rotational motion of
particles subjected to an alternating electric field due to asymmetric polarization effects.
When an alternating electric (AC) field is applied, it induces varying plarization forces on
the particle throughout different phase f the field, leading to rotational movement. This
effect arises from the interaction between the electric field-induced dipole moment of the
particel and non-uniform forces exerted by the electric field. These effects combine to
enable precise manipulation of micro- and nanoscale particles and are utilized in applica-
tions such as particle separation and trapping. For example, in the chamber configuration
shown in Fig. 2.1¢, a multifunctional trap can be developed by integrating dielectrophore-
sis, electroosmosis, electroalignment, and electrorotation. Utilizing a closed-loop feedback
control system with direct current signals applied to four planar motors allows for pre-
cise two-dimensional control of nanowire positioning. Alternating current signals facilitate
the alignment and orientation of nanowires through electrorotation [42]. This approach,
combined with digital microscopy imaging, permits real-time monitoring of nanowire posi-
tion and orientation, while proportional-integral control is employed to correct and adjust
deviations from the target settings.

Compared to magnetic and electric fields, which require the material components of
particles to respond to magnetic or electric fields and impose restrictions on the properties
of particles, acoustic field manipulation has relatively lower requirements on the properties
of the particles [122]. Acoustic waves exert forces on objects via acoustic radiation force,
generated by pressure gradients as the waves interact with the object [123,124]. As the
waves propagate, they induce local pressure changes in the medium [125], causing forces on
particles. The strength and direction of this force depend on the particle’s density, com-
pressibility, and contrast with the surrounding medium [125]. In uniform waves, particles
move along the wave’s path, while in non-uniform or standing wave fields, forces act from
multiple directions. Standing waves, formed when two waves of the same frequency travel
in opposite directions, create stable pressure nodes and antinodes. Particles move toward
nodes (positive force) or antinodes (negative force), allowing for particle trapping [88,126].
Acoustic waves can also suspend objects through acoustic levitation [127], where standing
waves between two reflectors balance gravitational and acoustic forces, holding the object
at pressure nodes. In Fig. 2.1d, an AC voltage is applied to photolithographically pat-
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terned interdigital transducers, generating surface acoustic waves (SAW) on a piezoelectric
chip to create a programmable platform for colloid and cell manipulation. The platform
operates by combining two independently programmable SAW waveforms, allowing pre-
cise and selective control of colloids and cells through arbitrary waveform patterns. Beside
that, acoustic waves can also be used to manipulate particles for 3D printing [100,128].

While the manipulation of particles by magnetic, electric and acoustic fields is gener-
ally implemented on a large scale, achieving precise manipulation over individual objects
remains a significant challenge [124]. Light field, such as optical tweezers, present a promis-
ing solution for addressing this issue by enabling precise manipulatio of single particles
with the size range from atoms [129], molecules [130] to micro particles [5]. Optical tweez-
ers use a highly focused laser beam to exert forces on micro- and nanoparticles, enabling
their manipulation and trapping. When a laser is focused on a particle within a trans-
parent medium using a high numerical aperture (NA) lens, the interaction between the
particle and the electromagnetic field creates a force that drives the particle toward the
focal point, where the light intensity is highest.The force acting on the particle in that
can be divided into two types: scattering/absorption forces (Fycat/ans) and gradient forces
(Fgra) [39]. Scattering/absorption forces result from momentum changes when photos in-
teract with the particle, typically pushing it along the direction of the light beam. The
gradient force, on the other hand, is produced by the variation in light intensity around
the particle, pulling it toward the focal point. This gradient force is essential for stable
particle trapping. when gradient force surpasses the scattering/absorption forces, the par-
ticle remain securely trapping at the focus point of beam. In addition to the successful
applications of optical tweezers in biophysics [95], one of their most significant uses is
in manipulating colloidal particles and studying the interactions between them [131]. In
Fig. 2.1e, holographic optical tweezer is used to trap micro-sized spheres and measure the
critical Casimir force between them, which is inducedd by density fluctuations resulting
from phase transitions in binary liquid system. The generation and modulation of this force
can be monitored by dynamically varying the temperature while keeping the particles in a
trapped configuration. The magnitude of optical force is usually in the femtonewton (fN)
and piconewton range, and since high-focused energy beams usually cause damage to bilog-
ical sample, some methods that rely on light to cause changes in electric fields [94,132,133]
and heat [105,105] in the environment are also used to achieve the manipulation of micro-
and nanoobjects, such as optoelectric tweezers and opto-thermoelectrci tweezers.

In addition to traditional methods like electric, magnetic, acoustic, and light fields,
temperature-based particle manipulation is emerging as a new research direction. Unlike
other technique, temperature manipulation offers broad applicability across materials, as
it does not depend on specific electrical or magnetic properties [105,134]. For example, in
Fig. 2.1f, using laser to excite a substrate results in short-wavelength emission, which in-
duces cooling in the crystal and generates a low-temperature region at the excitation spot.
This creates a temperature gradient that facilitates the manipulating of various types of
particles, including polystyrene (PS) nanoparticles and biological proteins [104]. Temper-
ature via heat can also induce phase transitions [50] or chemical reactions [135], altering
their behavior in ways that are not achievable through other manipulation techniques. Im-
portantly, it eliminates electromagnetic interference, making it particularly advantageous
in sensitive environments such as biomedical [136] and nano-electronics applications [87].
Recent research has primarily focused on the use of lasers to heat metals or light-absorbing
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materials, generating localized temperature gradients that induce thermophoresis for par-
ticle trapping. However, this method is constrained to small areas due to the difficulty
of sustaining stable temperature gradients over larger regions, limiting its application to
micro- and nanoscale systems. Large-scale manipulation remains an unresolved challenge.

In Paper I, I address this challenge by demonstrating large-scale trapping and ma-
nipulation of disk- and sphere-shaped colloidal particles through temeprature modulation
of the system, leveraging the critical Casimir force generated by density fluctuations in the
binary liquid at the critical temperature, driven by a temperature induced liquid-liquid
phase transition.

2.2 Particle manipulation by critical Casimir force

In solution systems composed of two different liquids, uniform mixing is not always ob-
served. For instance, while some liquids, such as water and acetone, mix thoroughly,
others, like oil and water, tend to separate into distinct phases. The mixed state is ther-
modynamically favored because it leads to higher entropy, which stabilizes the system.
Conversely, phase separation occurs when similar molecules cluster together, reducing the
system’s energy [137]. In systems like water and 2,6-lutidine solutions, both mixed and
demixed states can manifest, depending on temperature and the composition ratio of the
mixture. The phase diagram (Fig. 2.2) illustrates this transition, with the white region
representing a mixed state and the blue region indicating phase separation. A single
boundary separates these states, and within this boundary, both phases coexist. In this
region, droplets form, with each phase containing a small amount of the other. For exam-
ple, a higher concentration of 2,6-lutidine results in water-rich droplets, while an increased
concentration of water leads to lutidine-rich droplets, with droplet sizes increasing over
time. Crossing this boundary results in complete phase separation. Temperature plays a
crucial role in this process, as the transition from mixing to separation requires overcoming
an energy barrier.

An interesting phenomenon occurs at the critical point of the phase transition in a
binary liquid, as indicated by the red points in Fig. 2.2. As the system approaches this
point, local density fluctuations arise, with the correlation length and relaxation time
intensifying and eventually diverging at the critical point [139]. A more intuitive under-
standing is that the solution composed of water and 2,6-lutidine continuously undergoes
demixing and remixing across different time and length scales, influenced by the tempera-
ture difference. These fluctuations originate at the molecular level and gradually develop
to the microscopic scale. When these fluctuations are confined between the surfaces of two
objects, which can be either plates or spheres, a force known as the critical Casimir force
is generated (Fig. 2.3a). This force is analogous to the quantum electrodynamics Casimir
force, which was predicted by Hendrik Casimir in 1948. When quantum electrodynamic
vacuum fluctuations are spatially confined between two surfaces, such as uncharged con-
ducting plates, the difference between the internal and external fluctuation modes lead
to an attractive force between the plates [140]. This force is widely observed in micro-
electromechanical systems (MEMS) [141,142] and depends on the dielectric constant and
magnetic permeability of the materials involved allowing the Casimir force to be either at-
tractive or repulsive [143,144]. Similarly, the critical Casimir force can be either attractive
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Figure 2.2: Phase diagram of the water-2,6-lutidine mixture. In the mixture of
water and 2,6-lutidine, a lower critical point (CP) is observed at the base of the coexistence
line (solid line). This mixture is created at a critical lutidine mass fraction of C, = 0.286,
which correlates with a critical temperature of T, ~ 34°C. The data presented are sourced
from Refs. [138].

or repulsive depending on whether the boundary conditions are symmetric. The boundary
conditions are determined by the preferences of the surfaces for the solution components.
In the water and 2,6-lutidine system, this manifests as wettability, which includes both
hydrophilic and hydrophobic. When both surfaces exhibit the same wettability, such as
being hydrophilic, an attractive force is observed; conversely, when the wettability differs,
a repulsive force is exhibited.

The theoretical prediction of the critical Casimir force was completed by Fischer and
de Gennes in 1978 [139]. Subsequently, in 2008, experimental measurements of the critical
Casimir force were conducted [46]. Specifically, a single colloidal sphere and a flat sub-
strate were immersed in a binary solution of water and 2,6-lutidine. The force generated
between the two objects was measured in situ with a resolution of femtonewtons (fN) us-
ing total internal reflection microscopy. Chemical treatment of the substrate allowed it to
become charged, thereby altering its wettability and enabling the adjustment of whether
the critical Casimir force was attractive or repulsive. The maximum measured attrac-
tive force was approximately 600 N, comparable to the reported quantum electrodynamic
Casimir force [146]. Following this, optical tweezers were utilized to measure the critical
Casimir force between multiple colloidal sphere [37], exploring the many-body effects of
this force and yielding results similar to those found in Casimir force [147]. Due to the
tunability of this force with temperature and surface properties, it can be employed to
study the self-assembly of colloidal particles. For instance, the critical Casimir force can
induce colloidal particles to assemble into liquid-like and solid-like phases under tempera-
ture modulation [48]. Furthermore, patterned colloidal particles can be likened to atoms
in a model that uses the critical Casimir force to assemble into phenyl ring molecules [148]
or graphene analogs [49], allowing for investigations into the effects of defects on material
properties.
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Figure 2.3: Critical Casimir force on pattern substrate. a Two plates immersed
in a binary liquid experience critical Casimir force due to the density fluctuations at the
critical point. The critical Casimir force can be either attractive (red arrow) or repulsive
(blue arrow). b A gold disk moves over a periodic pattern composed of gold and glass. The
"+’ sign indicates hydrophobic surface wettability, resulting from function of thiols on the
gold surface, which leads to a critical repulsive force at the critical point. Conversely, the
’-’ sign indicates hydrophilic properties, resulting in a critical attractive force at the critical
point [50]. ¢ At the critical point, hydrophilic (-) polystyrene (PS) particles remain on
the hydrophilic (-) surface for an extended duration due to the critical Casimir attractive
force, while they stay on the hydrophobic (4) surface for a shorter time [52]. Images (a-c)
are reproduced with permission from Refs. [50, 52, 145].

A more practical application of the critical Casimir force involves overcoming the quan-
tum electrodynamic Casimir force (Fig. 2.3b), as the attractive Casimir force in MEMS
devices can often be detrimental and lead to device failure. By modifying a gold surface
with a layer of thiols, it can exhibit hydrophobic when immersed in a binary liquid solution.
At the critical temperature, the resulting critical Casimir repulsive force can counteract
this attractive force, thereby mitigating the adverse effects of device deactivation [50].
This method of modifying surface wettability with organic molecules to regulate the crit-
ical Casimir force is also essential for the studies presented in Paper I. This approach is
not confined to surfaces with a single wettability characteristic. substrate exhibiting both
hydrophilic and hydrophobic properties can direct the aggregation of colloidal particles
and enable control over their movement [52], as shown in Fig. 2.3c. In Paper I, I used
microfabrication techniques, including photolithography and etching, to create patterned
substrate that harness temperature-tuned critical Casimir forces to trap and manipulate
particle motion.
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2.3 Microswimmer self-propulsion approaches

For the manipulation of micro- and nanoparticles, in addition to employing physical fields
(such as electric, magnetic, or light field) to generate gradients for trapping and control-
ling their movement, the configuration of the particles can be engineered to enable them
to harness energy from their surrounding environment or external fields [149, 150], facil-
itating autonomous movement. These self-propelling particles are referred to as ”active
microswimmers,” with natural examples such as bacteria, which use flagella (Fig. 2.4a)
or other motility structures to extract energy from their environment and propel them-
selves through fluid media [151-153]. Here, we will primarily focus on artificial active
microswimmers.
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Figure 2.4: Microswimmer self-propulsion based on different approaches. a
Scanning electron microscopy (SEM) image of E.voratum with its flagella [154]. b MnOs
tubular micro-swimmers, modified with laccase, exhibit propulsion through the generation
of bubbles resulting from the oxidative reaction of organic substrates. The inset displays
a microscopic image capturing their motility [155]. ¢ A magnetic field-driven helical mi-
croswimmer, with nickel deposited on its surface, demonstrates responsive behavior to an
applied magnetic field. The top image displays the scanning electron microscopy (SEM)
image of the swimmer, while the bottom image illustrates the swimmer’s ability to cap-
ture a oobject while navigating in a rotating magnetic field [60]. d Janus microswimmers
are driven by a vertical electric field generated between two ITO glass slides [156]. e
A hemispherical microswimmer operating under ultrasound captures air bubbles in its
spherical cavity, enabling movement. The inset displays its SEM image [64]. f Janus
microswimmer half-coated with light-absorbing materials absorb light and generate heat,
causing asymmetric temperature rise. This triggers a phase change in the solution and
creates a concentration gradient that drives microswimmer movement [157]. Images (a-f)
are reproduced with permission from Refs. [154,155,60,156,64,157].
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Different types of artificial active microswimmers can be classified according to the
external fields from which they derive energy, such as chemical [53-56], electric [57-59],
magnetic [60-63], acoustic [64-66], and light fields [67-70]. Among the various types,
chemically powered microswimmers, which mimic natural systems by extracting chemical
energy from their environment and converting it into motion via chemical reactions, are
typically designed as Janus particles. These colloidal particles have an asymmetric struc-
ture, with one hemisphere coated with catalytic metals or metal oxides, such as platinum
(Pt) [158], manganese dioxide (MnO2) [159], or gold [160]. The catalytic part of the par-
ticle interacts with environment chemicals, typically through redox reactions or catalytic
decomposition. These reactions consume the surrounding chemicals and produce gases
or other byproducts, leading to the development of a local pressure gradient around the
particle. This pressure gradient generates a force that propels the particle through the
liquid, enabling self-propulsion. In Fig. 2.4b, MnOy tubular microswimmers, functional-
ized with the enzyme laccase, demonstrate propulsion via the generation of bubbles. This
propulsion is driven by oxidative reactions involving organic substrates [155].

Microswimmers driven by chemical reactions typically face challenges in precisely con-
trolling their direction and reaction speed in real time [161]. While light can be used to
induce these reactions and enhance precision [162-164], the effectiveness is still limited by
the chemical environment. External fields, such as electric, magnetic, and light fields can
avoid this limitation. Among these, magnetic fields are the most commonly used because
they penetrate tissues more effectively than electric or light fields and can be applied
within living organisms for applications such as drug delivery [61,165]. Magnetic fields are
typically generated by coils [109]. By varying the number and orientation of these coils,
different types of magnetic fields such as alternating, rotating, and gradient. This enables
precise control over the microswimmer’s direction and velocity. Additionally, optimizing
the design of the microswimmer can increase its velocity and enhance its ability to navigate
through viscous fluids [60,166,167]. As illustrated in Fig. 2.4c, the helical microswimmer
is fabricated by direct laser wrting on a negative photoresist to form its shape. A thin
Nickel/Titanium double layer is then deposited on the surface of swimmer. When exposed
to a rotating magnetic field, the microswimmer exhibits exceptional motility in both water
and serum, with its helical propulsion significantly reducing frictional drag from the liquid
and enabling efficient cargo transport [60]. This design has shown potential application in
sperm screening and the treatment of eye diseases.

An AC electric field is similar to a magnetic field but generally involves simpler
setup that typically consist of two conductive glass slides coated with indium tin ox-
ide (ITO) [156]. The microswimmer used are typically Janus particles, where one side is
coated with a conductive metal layer. When exposed to the external electric field, these
particles induce surface charges that create an asymmetric distribution. This leads to elec-
trophoretic effects that propel the particles through the liquid ( Fig. 2.4d). Furthermore,
the AC electric field generates rotational torque that aligns the particles’ axes perpendic-
ular to the field direction, which is the most stable configuration and results in directed
movement. Due to interactions between induced charges on different microswimmer, AC
electric field-induced microswimmers are employed to study the collective behavior at
micro-scale [58,59).

Acoustic fields are combined with chemical [161], magnetic fields [168] et.al as source of
propulsion or directional control for microswimmers. The principle is that when acoustic
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waves passes through a liquid, it generates acoustic waves that produce radiation forces on
microscopic objects, which propel the microswimmer forward or alter its direction. Precise
control over the microswimmer can be achieved by adjusting the frequency, intensity, an
direction of the acoustic waves [169]. Fig. 2.4e shows a hemispherical microswimmer that
has a diameter of 24 um and is fabricated using two-photon polymerization (2PP). It
contains a spherical cavity that captures air bubbles and moves at a speed of 90 body
lengths per second (2250 pm/s) under the influence of acoustic waves. The head is coated
with a soft magnetic nanofilm that enables its motion to be controlled by a magnetic
field [64].

Light is widely used to power the movement of microswimmers due to its ability to
focus into small spots with optical components like lenses and commercial devices such
as digital micromirror devices (DMD) [170], spatial light modulators (SLM) [171], and
acousto-optic deflectors (AOD) [172]. These systems provide both more precise individ-
ual control and the ability to manipulate multiple microswimmers in parallel compared
to other methods, while maintaining a non-invasive approach [173]. Microswimmers are
propelled by optical forces using optical tweezers to manipulate different parts of the
swimmer, with movement controlled by adjusting the position of the optical field relative
to the environment. These microswimmers are fabricated in various configurations using
two-photon lithography [174], allowing for feedback control of functional behaviors such as
cell capture, transport [175], or surface scanning with optical probes [176]. In addition to
optical force, light-driven microswimmers typically operate by converting optical energy
into thermal [69,157] or chemical reactions [162-164]. For instance, Janus particles per-
form in the binary liquid with one side made from a light-absorbing material (Fig. 2.4f).
At low temperature, the liquids mix uniformly. Upon illumination, the absorbed light
converts to heat, causing a localized temperature increase that induces phase separation
and creates a concentration gradient, which drives the linear motion of the microswim-
mer [157]. Besides that, the microswimmers perform rapid rotation under focused laser
beam [177]. This light-to-heat conversion not only drives rigid microswimmers but also
induces deformation in soft materials such as hydrogels, enabling swimming behavior [68].
Furthermore, numerous microswimmers are driven by light-induced chemical reaction,
including azobenzene cis-trans isomerization [178] and photocatalytic decomposition of
reactants [163], which generate chemical propulsion.

Although optical driven microswimmer have been extensively studied, several chal-
lenges remain. Optical tweezers-driven microswimmers typically require highly focused
laser beams to generate optical gradient forces. This requirement limits their scalabil-
ity, and such systems resemble a marionette, with the microswimmer’s position being
dependent on the location of the laser beam. While light-induced thermal and chemical
reaction-driven microswimmers can overcome this limitation, they generally operate in
specific solution environments and are complex to fabricate, making large-scale produc-
tion difficult. Therefore, developing light-driven intelligent microswimmers that can move
freely under planar wave illumination, are not constrained by specific environments, and
are suitable for large-scale manufacturing remains a significant challenge.
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2.4 Microswimmer driven by light metamaterials

To address the limitation of optical force driven microswimmers that require highly fo-
cused lasers and exhibit movement trajectories dependent on light spot position [175,176],
recent developments have integrated microfabricated nanophotonic structures into mi-
croswimmers [179,71,180]. This integration allows them to operate under plane waves or
weakly focused light spots. In here, the discussion about these microswimmers are pri-
marily focuses on the linear motion of microswimmers rather than the one only perform
rotation. While numerous studies have reported the use of birefringence-based polarization
conversion, as well as the transfer of spin [181-183] or orbital angular momentum [184-186]
of light through absorption and scattering, to induce rotation in microparticles.
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Figure 2.5: Microswimmer driven by nanophotonic structures. a Scanning elec-
tron microscopy (SEM) image of gold nanorod arrays designed to scatter light directionally.
These nanorods are embedded in the microswimmer, allowing for linear movement when
exposed to linearly polarized light, as illustrated in the bright field images shown in b [179].
Scale bars in a and b are 400 nm and 5 um, respectively. ¢ SEM image of silicon asymmet-
ric dimer arrays engineered to maximize the efficiency of diffraction orders to +1. These
arrays are embedded in a microswimmer that enables rotational movement along circu-
lar trajectories when subjected to circularly polarized light [71], as demonstrated in the
bright field images shown in d. Scale bars in ¢ and d are 400 nm and 20 pm, respectively.
e SEM image of gold nanorods that selectively respond to circularly polarized light of
specific wavelengths and handedness. These nanorods are embedded in a microswimmer,
allowing for forward and backward movement by adjusting the circular polarization of two
different wavelengths of light [180], as demonstrated in the bright field images shown in f.
Scale bars in e and f are 200 nm and 2 um, respectively. Images (a-f) are reproduced with
permission from Refs. [179,71,180].

.
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In 2020, Tanaka [179] et al. used electron-beam lithography (EBL) to fabricate gold
nanorods with designed structures that exhibited asymmetric scattering under linearly
polarized light. This asymmetry arose from detuned dipoles with different resonance fre-
quencies oscillating with a phase difference, A®. When two dipoles are separated by a
distance d, the scattered light experiences a phase delay of kd during propagation, com-
pensating for A® in one direction and reinforcing it in the opposite direction. By carefully
designing the phase difference A® and separation d, constructive interference (enhanced
light) occurs in one direction, while destructive interference (diminished light) occurs in the
opposite direction, leading to directional side-scattering. The gold nanorods (Fig. 2.5a)
were embedded in rectangular SiO microswimmers. The highly efficient asymmetric
scattering generated a transverse optical force that propelled the microswimmers. In the
optical focal line, generated by linearly polarized light and a cylindrical lens, the rotational
Brownian motion of the microswimmers was suppressed, causing them to move in a fixed
direction along the focal line ((Fig. 2.5b). When the polarization was perpendicular to the
focal line, the motion ceased. By placing nanorods in four sections of the microblock with
a 90-degree stepwise rotation, the microswimmers were able to rotate. However, due to the
strong light absorption by the metallic structures [187], significant energy loss occurred,
requiring higher light intensity to drive the system. Furthermore, gold deposited through
sputtering often exhibited lower quality, reducing the efficiency of light manipulation.

Subsequently, Andren et al. [71] fabricated a metasurface using dielectric materials,
specifically silicon, with each unit consisting of an asymmetric dimer structure (Fig.2.5¢)
embedded in SiO2 microswimmers. These silicon nanostructures mimic a blazed grating
but are constructed using two-dimensional fabrication techniques to enhance diffraction
efficiency, concentrating most of the diffracted light in the +1 order while minimizing the
0 and —1 orders. This creates a transverse optical force that propels the microswimmers
forward. The structure is polarization-sensitive: asymmetric diffraction occurs only when
the light’s polarization is aligned with the dimer’s long axis, while the short axis shows
no such effect. When the long axis is misaligned with the polarization, a restoring torque
aligns the particle to the input light’s polarization, enabling propulsion. Compared to
previous work, the use of circularly polarized light introduces angular momentum transfer,
causing the particle to rotate. The direction of rotation is determined by the polarization
of the light. Due to the transverse force, the particle follows a circular path with a
fixed radius (Fig. 2.5d). However, this design only allowed for forward motion and did
not enable backward or lateral movement. To address this limitation, Wu et al. [180]
improved the system by introducing two laser beams and designing structures that respond
to specific laser wavelengths. By adjusting the size, structure, and distance between gold
nanorods, they enabled the nanorods to selectively respond to circularly polarized light
of a particular wavelength and handedness, generating directional scattering that creates
torque to drive the microswimmers made from HSQ resist. Positioning nanorods with
different wavelength responses in separate regions (Fig.2.5e) of the microparticle allowed
two lasers and quarter-wave plates to control the handedness of circularly polarized light,
enabling forward, backward, left, and right movement, as well as left and right rotation
(Fig. 2.5f). Unlike previous designs that produced circular rotation with a radius, this
setup enabled fixed-axis rotation. High-quality nanorods were achieved by transferring
chemically synthesized single-crystal gold onto the surface for fabrication.

The fabrication of fast-moving microswimmers based on gold scattering structures
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requires high-quality gold, which are obtained through chemical synthesis and transfer
methods [188] that are incompatible with traditional microfabrication techniques. Addi-
tionally, gold’s absorption of light results in lower efficiency. Therefore, in Paper II, I
primarily focused on extending the silicon nanostructures discussed in the work of Andren
et al. [71] to create microswimmers with complex movement trajectories.

2.5 Micromotors

The development of micromotors has paralleled that of microswimmers. As defined here,
microswimmers primarily engage in swimming behaviors in solution, such as linear motion
and rotation, while micromotors are predominantly characterized by rotational motion. In
the development of human society, motors have consistently played a crucial role. From the
earliest fluid-driven rotary motors, such as windmills and waterwheels, to steam-powered
engines and modern electric motors, technological advancements in motor systems have
continuously driven improvements in productivity. Whether in ancient handicraft indus-
tries or in today’s highly industrialized society, motors have been fundamental to enhancing
efficiency and advancing the industrialization process, making significant contributions to
the progress of human civilization. Fifty years of development of Moore’s Law has driven
advancements in micro- and nanoscale fabrication technologies [189]. Over the past thirty
years, research on motors has primarily focused on miniaturization, particularly at scales
below 100 um [190]. The miniaturization of motors offer numerous advantages, such as
energy consumption, while large-scale manufacturing ensure cost reduction.

In 1989, Richard Muller et.al reported the fabrication of an electrostatically driven
independent rotating micromotor using semiconductor microfabrication techniques [191].
This breakthrough attracted significant attention at the time, demonstrating the potential
of silicon microfabrication methods for producing miniature movable components com-
patible with integrated circuits. It also highlighted the feasibility of creating microscale
systems, inspiring continued efforts to develop increasingly smaller and more advanced mi-
crostructures [192-195]. In the process of motor miniaturization, the driving mechanism
is one of the most critical factors determining the minimum achievable size of the motor.
In addition to electrostatically driven motors [191,196-198], magnetic fields [199-203], AC
electric fields [120,204-206], and optical fields [182,207,208] are also employed to drive
these miniature motors, with principles similar to those described in the previous section.
However, a significant issue has been overlooked: most works have been focused on the
development of individual micromotors, while the development of machine systems, par-
ticularly gear mechanical systems, has been neglected. Integrating individual motors into
complex mechanical systems to drive them and achieve functional complexity is normal in
macroscopic mechanical systems, such as those found in modern automotive, aerospace,
and robotics applications [209]. The miniaturization of geared mechanical systems faces
two primary challenges: motor-driven actuation and the coupling between different gears.

Traditional microfabrication techniques like conventional lithography enable precise
alignment systems that facilitate gear coupling and meet commercial fabrication require-
ments. However, as shown in Fig. 2.6a, they require the fabrication of electrode or me-
chanical structures adjacent to the gears for actuation [210,212]. When considering the
space occupied by the driving system on the chip, the size exceeds 100 pm. This presents
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Figure 2.6: Microscopic geared mechanism powered by diverse approaches.
a A conventional microfabricated electrostatic comb-driven microgear system featuring a
single gear with a diameter of approximately 50 pm. The inclusion of a pin joint is neces-
sary to connect the gear to the drive system, resulting in an overall system size exceeding
100 pm [210]. b An optical force-driven gear system featuring gears with three-dimensional
structure. The coupling between the gears is facilitated by optical tweezers [211]. ¢ A gear
system driven by optoelectronic tweezers, where the rotation and coupling of the gears
are facilitated by the electric field generated by the light pattern (indicated by the white
area) [73]. In b and c, the gears decoupled in the absence of illumination. Images (a-c)
are reproduced with permission from Refs. [210,211,73].

significant challenges, particularly when parallel control f multiple gear systems is re-
quired. While far-fields approaches such as magnetic, electric, light can address the chal-
lenge of space consumption by the the driving system, previously reported micromotors
are normally incompatible with standard semiconductor fabrication processes, hinder-
ing the effective coupling between different gears. Magnetic [199-203] and AC electric
field-driven [120,204-206] motors require specific responsive materials, such as FeaO3 or
metals, which complicates the heterogeneous integration necessary for constructing multi-
machine systems. In these systems, certain gears are required to respond to external
fields, while other components must remain non-responsive to ensure proper functional-
ity. Moreover, magnetic and electric fields provide synchronized control for all on-chip
devices, making it challenging to achieve independent control of individual systems and
thereby limiting their functional diversity. Optically driven motors are predominantly fab-
ricated using polymers, such as photoresists, through two-photon lithography, resulting
in complex three-dimensional (3D) structures [208]. This complexity necessitates multi-
dimensional alignment, which poses significant challenges. Although some approaches use
optical tweezers (Fig. 2.6b) [211] or optoelectronic tweezers (Fig. 2.6¢) [73] for coupling,
these methods are not integrated on the chip, as they tend to decouple and become unsta-
ble once the optical field is removed. Additionally, optical-driven motors normally rely on
focused laser beams for control [182,207,208], presenting challenges for large-scale control.
As demonstrated in the previous section, metamaterials address this issue. Metamateri-
als can be fabricated using tradition semiconductor techniques and are capable of move-
ment under planar Wave illumination. In Paper ITI, metamaterials are introduced into
the actuation of various gear mechanical system configurations, with fabrication achieved
through standard photolithography processes.
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2.6 Light-driven micromotors for fluid control

The control of fluids has been one of the fundamental area of research for centuries, from
ancient waterwheels used to drive machinery to modern applications of fluid dynamics
in power generation. Advances in this field have significantly contributed to technologi-
cal progress and profoundly influenced human production systems and daily life. Fluid
dynamics has played a key role in the development of agriculture, industry, and transporta-
tion throughout history. Current advances focus on the control of micro- and nanofluidics,
enabling high-precision manipulation of fluids in extremely small volumes. This advance
not only enhances our understanding of microscale fluid dynamics but also supports ap-
plication in microfluidic chip technology, with great potential in drug screening, delivery,
chemical reaction, and environmental monitoring. For instance, microfluidic chips fa-
cilitate efficient pathogen detection and biomarker anslysis for rapid diagnostics [74, 75].
They are also used in high-throughput chemical synthesis to accelerate reaction screeening,
minimizing reagent and sample use while saving time [76,76]. One of long-term objec-
tive in this field is to develop fully integrated automated liquid handling systems. This
includes replacing large fluid control technologies like pressure-driven systems and syringe
pumps [77-79], along with external analytical devices, to enable all fluid handling and
analysis processes to occur on a single chip.

To address this challenge, many efforts have been made to enhance fluid manipulation
techniques. This primarily involves utilizing physical gradients to control fluids through
magnetic [111], electric, optical [215] and thermal fields. For example, in magnetic control,
magnetic particles are introduced into the liquid and their movement is precisely adjusted
using an external magnetic field [216]. This approach allows for accurate fluid manipu-
lation without relying on traditional mechanical pumps or valves. Additionally, electric
and optical fields can control fluid dynamics by inducing localized changes in pressure,
temperature, or surface tension. These techniques are essential for advancing microfluidic
chip technologies and other applications that require precise non-invasive fluid handling.
Among these methods, light-driven techniques offer distinct advantages due to their lower
material requirements. They don’t require the introduction of charge or magnetic sub-
stances and can achieve more precise and parallel manipulation using focused light beam
and light-modulated setups [217,218].

Long range fluid manipulation using light can be categorized into few methods. One
promising approach involves using light to generate heat that drives the flow, such as laser
heating of water to create buoyancy-driven circular convection for transporting objects and
concentrating particles ((Fig. 2.7a) [219]. Local thermal gradients can also be induced by
nanostructures or nanoparticles that absorb light, thereby driving fluid flow. For example,
as shown in Fig. 2.7b embedding chemically synthesized gold nanorods with dimensions on
the order of tens of nanometers onto a glass substrate can induce an increase in tempera-
ture through the plasmonic resonance effect of the gold nanoparticles, thereby creating a
thermal gradient that generates flow [214]. However, the unavoidable introduction of tem-
perature changes, even when kept at lower levels, may still impact temperature-sensitive
systems. The other approach involves generating electric fields through light to drive ob-
jects, such as using LED that employs digital micrometre devices (DMD) to create light
pattern on the silicon substrate for controlling the rotation of gears and manipulating flow
fields (Fig. 2.7d), However, this method operated at the scale of hundreds of micrometers,
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Figure 2.7: Fluid Manipulation through optical approaches a Schematic illus-
trating the accumulation of extracellular vesicles resulting from the interplay between
thermophoresis and convection induced by localized laser heating [213]. b Schematic
illustrating the dynamics of fluid flow in response to a localized temperature gradient
generated by the light-induced absorption of gold nanoparticles on a substrate [214]. ¢
Schematic illustrating the motion of a polystyrene microbead induced by fluidic flow gen-
erated by two microgears, which are driven by optoelectronic tweezers rotating in opposite
directions [73]. d Schematic representation of a single-disk viscous micropump utilizing
time-sharing optical forces to induce fluid motion [80]. e Schematic representation of the
light field generated by the spatial light modulator, which drives the target object by ro-
tating the rotor of the three-dimensional structure in varying directions to induce fluidic
flow [81]. Images (a-e) are reproduced with permission from Refs. 73,213,214, 80, 81]

making it challenging to further reduce the size [73]. Additionally, it is limited to solu-
tion systems because high electrolyte concentrations can negatively impact manipulation
efficiency. A different strategy draws inspiration from the structure of traditional mechan-
ical pumps by utilizing the principle of optical tweezers to drive miniature mechanical
components such as motors for fluid control. This method mitigates thermal effects and
allows for better integration onto chips. For instance, as shown in Fig. 2.7d, light can
drive a single on-chip motor to generate circular fluid flow, creating a valve-like effect [80].
Nevertheless, it often requires tightly focused lasers, which limits scalability. Despite the
potential to use structured light devices, such as spatial light modulators (SLM), to control
multiple mechanical components and manipulate fluids for micro-scale objects(Fig. 2.7¢),
this introduces significant complexity into the system. Since this method relies on feedback
control [81], manipulating one rotor requires consideration of the flow fields generated by
other rotating rotors, making it challenging to control movement, especially when generat-
ing more intricate flow fields. As demonstrated in Paper III, As demonstrated in Paper
III, microfabrication techniques enable the large-scale fabrication of planar light-driven
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motors, allowing for unrestricted motor configuration, adjustable rotation directions, and
precise control over the distance between motors. Based on this, Paper IV show that the
integration of motors that rotate clockwise and counterclockwise on the chip, generating
arbitrary fluid fields through their rotation.



Chapter 3

Methodology

The topic of Papers I-IV is the innovation application of traditional micro- and nanofab-
rication techniques to the manipulation of micro- and nanoscale objects, specifically in
the construction of new types of microswimmers, the fabrication of on-chip machines, and
their application in microfluidic control. Over several decades, micro- and nanofabrication
technologies have developed a comprehensive toolbox, including methods such as material
deposition, lithography, and etching, which serve as essential technical foundatin for my
research. In this chapter, I will briefly introduce the micro- and nanofabrication methods
employed, as well as the key instruments used and their principles. Since the objects in
this research are at the micro-scale, high-resolution digital video microscopy is essential for
observation and measurement. Additionally, effective manipulation of these objects neces-
sitates precise temperature control (Paper I) and the integration of an optical system with
lasers (Papers II-IV) coupled to the microscopy. Therefore, the following section, which
comes after the discussion of micro- and nanofabrication, provides a detailed description
of the home-built experimental instruments. These instruments were specifically designed
to enable precise and efficient control over micro- and nanoscale objects to support the
research.

3.1 Micro- and nanofabrication

The chips or microparticles discussed in the thesis are at the micro and nano scale, necessi-
tating the use of semiconductor chip manufacturing processes such as material deposition,
photolithography, etching, and other tools [220,221]. These processes are primarily di-
vided into two categories based on the manufacturing methods: additive manufacturing
and subtractive manufacturing.

Subtractive manufacturing involves directly processing and forming patterns from the
original or deposited material, as illustrated in Fig. 3.1a. In this approach, a mask is
created through photolithography, and the material is subsequently etched using physical
or chemical methods to achieve the desired structure. This approach was primarily utilized
in Paper I for the fabrication of disk-shaped particles, as well as for the creation of
microwimmers in Paper IT and micromachines in Papers III-IV on the chip.

Conversely, additive manufacturing constructs structures by introducing additional
materials. The additive manufacturing method involves using photoresist to form a fixed
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pattern, followed by material deposition and the subsequent removal of the photoresist to
create the structure, which is called lift-off, as shown in Fig. 3.1b. The approach was used
in Paper I for pattern substrate fabrictaion.
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Figure 3.1: Overview of the two categories used for fabricating micro- and
nanostructures. a Subtractive manufacturing process: This process starts with material
deposition, followed by spin coating with resist. Lithography is then used to define the
pattern on the resist, which serves as mask for subsequent etching to remove parts of the
material, forming the micro- and nanostructure. b Additive manufacturing process (lift
off): Similar to the process shown in (a), the resist is used to define the pattern. However,
in this method, material is deposited after the pattern has been defined. The final step
involves removing the resist along with the unwanted material, leaving behind the desired
micro- and nanostructure. This process is known as lift-off. Through (a) and (b), micro-
and nanostructure are formed on the substrate.

3.1.1 Matrial deposition

As illustrated in Fig. 3.1, material deposition is the initial step in the subtractive process
and the concluding step in the additive process within micro-fabrication. The primary
techniques for material deposition include chemical vapor deposition (CVD), physical
vapor deposition (PVD), atomic layer deposition (ALD), and molecular beam epitaxy
(MBE). My works predominately employs Chemical vapor deposition and physical vapor
deposition.

Chemical vapor deposition (CVD) (Fig. 3.2a) operates on the principle of introducing
volatile precursors into a reaction chamber, where they decompose or react on the heated
substrate surface to form a thin film. The substrate is maintained at an elevated temper-
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Figure 3.2: Overview of film deposition techniques. a Schematic diagram of a
chemical vapor deposition (CVD) system, illusrating its main components:gas inlet, gas
outlet, reaction chamber, pressure control unit, and furnace heating unit. The reaction
precursor gas reacts on the substrate, which is maintained at a high temperature, resulting
in the formation of a uniform film. b Schematic diagram of physical vapor deposition
(PVD) via electron beam evaporation, depicting the primary components: electron source,
vacuum pump, solid target source, and shutter. The process involves the use of high-energy
electron beam to directly heat and evaporate the source material. The resulting vapor
then condenses onto the substrate, forming a thin film.

ature to facilitate the chemical reactions, ensuring that the desired material adheres uni-
formly to the surface. CVD provides precise control over the deposition process, enabling
the formation of uniform and high-quality films essential for semiconductor, insulator,
and various functional layers in microelectronic devices. The process can be fine-tuned
by adjusting parameters such as temperature, pressure, and precursor concentration, en-
abling the deposition of a wide range of materials with precise properties. Low-pressure
CVD (LPCVD) and plasma-enhanced CVD (PECVD) are two common variants; LPCVD
is performed at reduced pressures to improve film uniformity; for example, in Papers
II-IV, high quality amorphous silicon was deposited using LPCVD. In contrast, PECVD
utilizes plasma to enhance reaction rates and enable deposition at lower temperature; the
5105 in Papers II-IV was deposited using PECVD.

Physical vapor depoition (PVD) (Fig. 3.2a) involves the deposition of vaporized mate-
rial directly onto the substrate through condensation. PVD techniques, including sputter-
ing and evaporation, operate without chemical reactions; rather, they utilize the physical
transport of atoms or molecules from a source to the substrate. This method is partic-
ularly effective for depositing metal and alloy films that exhibit high purity and strong
adhesion. PVD processes are versatile, capable of being executed under various pressures
and temperatures, which allows for the tailoring of material properties and film character-
istics to specific requirements. However, PVD may have limitations in achieving uniform
coatings on complex geometries and may not offer the same level of precise control over
film composition as CVD. In Paper I, the PVD was used to deposit the titanium/gold
layer on glass substrate.
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3.1.2 Lithography

Micro- and nanostructures are defined using resist materials, which are polymer-based sub-
stances that can be patterned through various lithographic techniques. Among the com-
monly employed lithography methods are electron beam lithography (EBL), photolithog-
raphy, and nanoimprint lithography. This thesis utilizes EBL and photolithography.

Electron beam lithography employs a finely focused beam of electrons to create precise
patterns on a resist-coated substrate. The interaction of the electron beam with the
resist induces localized chemical changes, allowing for the formation of intricate and high-
resolution patterns at the nanoscale. This technique is particularly suited for applications
requiring exceptional patterning accuracy and complexity.

A key feature of EBL is the use of magnetic lenses to precisely control and focus the
electron beam. These lenses direct the electron paths, enabling the creation of fine features
without the need for physical masks. This maskless approach offers significant flexibility
in pattern design, as the electron beam directly defines the pattern, allowing for the rapid
adjustment of pattern sizes and shapes.

The exceptional resolution of electron beam lithography is largely attributed to the
Small wavelength of electrons compared to visible light. Electrons, when accelerated to
high energies, have wavelengths on the order of picometers, which are much smaller than
those of visible light. This smaller wavelength enables the electron beam to resolve fea-
tures at the atomic scale, making the technique particularly advantageous for applications
in advanced semiconductor devices, nanotechnology, and high-performance optical com-
ponents. The patterned substrate in Paper I and metasurface in Paper II-IV were
defined by EBL.

In contrast to EBL, photolithography utilizes the interaction between photons and
photoresist to define patterns. In modern semiconductor manufacturing, photolithography
employs various light sources-from ultraviolet (UV) to deep ultraviolet (DUV) and even
extreme ultraviolet (EUV)-with patterning accuracy determined by the wavelength of
light. Conventional photolithography requires masks, through which light passes to project
the pre-defined pattern onto the photoresist. This method is efficient and cost-effective
for high-speed, high-volume production.

However, in scientific research, where frequent design revisions are necessary, fabri-
cating new masks for each iteration can be both time-consuming and labor-insensitive.
To overcome this limitation, maskless photolithography techniques are employed. These
methods, including direct laser writing using tools such as digital micromirror devices
(DMD) and spatial light modulators (SLM), avoid the need for physical masks. They use
programmable optics to dynamically control the light’s propagation path, directly expos-
ing the photoresist to form the desired pattern. In direct laser writing, a focused laser
beam scans across the photoresist, varing the light intensity or exposure time to precisely
alter the properties of photoresists. This technique offers significant flexibility and pre-
cision, facilitating rapid pattern adjustments and efficient fabrication of complex micro-
and nanostructures. In my research, direct laser writing is predominantly used to define
micrometer-scale patterns, as detailed in Papers I-IV.
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3.1.3 Etching

In the subtracting manufacturing process, after the pattern is defined through photolithog-
raphy, the material is subjected to etching. Chemical etching involves a reaction between
the material and a reactive gas or solution to remove it. Conversely, physical etching
used ion bombardment to dislodge and remove material from the substrate. This thesis
predominantly employs reactive ion etching (RIE), which integrates both chemical and
physical etching mechanisms. RIE operates by generating a plasma of reactive ions in
a vacuum chamber, which then interact with the material’s surface. The chemical reac-
tions between the reactive ions and the material lead to its removal (Fig. 3.3a), while the
physical impact of the ions assists in the etching process. RIE provides enhanced etching
selectivity and anisotropy, making it ideal for creating well-defined micro- and nanostruc-
tures. Halogens, such as fluorine and chlorine, are commonly used as reactive gases in RIE
due to their high reactivity and ability to form volatile compounds with various materials.
This ensures efficient and precise etching of materials like Si, SiO2, SizNy, contributing to
the overall effectiveness of the etching process.
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Figure 3.3: Overview of etching techniques. a Schematic diagram of a reactive ion
etching (RIE) system. The upper and lower electrodes, typically powered by RF energy,
generate and sustain low-pressure plasma. RF power applied to the electrodes accelerates
ions through the electric field, causing them to bombard the material surface with high en-
ergy. This bombardment induces chemical reactions, thereby increasing material removal
rates and achieving finer etching precision. b Scanning electron microscopy images of sil-
icon metastructures in Paper II-IV. The anisotropic etching results in straight pillars.
Scale bar: 200 nm. ¢ Scanning electron microscopy images of microdisks in Paper I. The
isotropic etching lifts the microdisks out of the substrate. Scale bar: 1 pm.

The etching can be divided into anisotropic and isotropic etching. Anisotropic etching
removes material predominantly in one direction, typically vertical, resulting well-defined
straight sidewalls. This type of etching is crucial for applications requiring high aspect ratio
structures with precise geometries. Anisotropic etching can be achieved by controlling the
radio frequency (RF) bias in process like RIE. By adjusting the RF bias, the energy and
directionality of the ion bombardment can be controlled, enhancing vertical etcing and
reducing lateral etching. This ensures that the etching primarily occurs in the vertical
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direction, achieving the desired anistropic. For example, in Papser II-IV, the a-silicon
metastructure is achieved by the anistropic etching through the cl2 gas (Fig. 3.3b).

Isotropic etching, in contrast, removes material uniformly in all directions, leading
to rounded or undercut features beneath the resist mask. This type of ecthing is often
used when precise control of vertical sidewalls in not critical. The uniform removal of
material in isotropic etching can be advantageous for application where smooth, curved
sufaces are desired. Isotropic etching can be controlled by adjusting parameters such
as gas composition, pressure, and RF power to ensure that the etching occurs evenly in
all directions. In micro electron mechanical systems (MEMS) field, isotropic etching is
frequently employed to release sacrificial layers, facilitating the creation of free-standing
structures. For example, the microparticles or micromachines in Papers I-I'V are released
by isotropic etching of silicon under the SiOy using SF6 gas, as the etching rate of Si is
much faster than that of SiO, with SF6 (Fig. 3.3c).

3.2 Measurement

The research presented in Paper I-IV focuses on the micrometer scale, with precise
control achieved through temperature regulation and optical methods. This requires the
construction of specialized measurement setups, including a microscope and systems to
apply external fields such as light and heat. The primary setups developed for my research
include a temperature control system, used in Paper I, and a laser control system, utilized
in Paper II-IV.

3.2.1 Temperature control setup

The home-built setup used in paper I is divided into two parts, the temperature control
of the sample and optical microscopy. As illustrated in Fig. 3.4. To track the movement
of the particles, standard digital video microscopy with white light illumination and a
CMOS camera is employed. This method allowed for high-resolution imaging and precise
tracking of particle dynamics in real-time.

Achieving and maintaining precise temperature control of the sample is crucial for the
experiment and is carried out in two sages, as detailed in reported studies. Initially, the
sample temperature is stabilized at 32.5°C using a circulating water bath (Model T100,
Grant Instruments) connected to the stage below the sample. This setup ensured that
the temperature is kept well below the critical temperature T, ~ 310 K ~ 34 °C, minimiz-
ing any unintended thermal effects that might affect the subsequent more sophisticated
temperature control.

In the second stage, a more refined temperature regulation is achieved using a feed-
back control system. This system includes a peltier heating/cooling element and a PT
100 temperature sensor. The Peltier element is connected to the 100x oil objective, con-
trolling the temperature of the oil and thus the sample by heating the objective. The
feedback controller allows for precise adjustments, maintaining the sample temperature
with a remarkable stability of £20mK. This two-stage temperature control mechanism
ensures that the experimental conditions remain consistent and accurate throughout the
observation, providing reliable and reproducible data for analysis.
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Figure 3.4: Experiment setup for temperature control. A schematic of the
custom-built setup combining digital video microscopy and precise temperature regula-
tion. The microscopy system features white LED illumination and a 100x objective,
capturing scattered light and connected to a computer for video analysis. Temperature
control involves two stages: a circulating water bath for coarse regulation (+100 mK) and
a Peltier element on the oil-immersion objective for fine control (£10 mK), ensuring overall
stability within £20 mK.

By employing this technique, it is possible to monitor and analyze the motion of parti-
cles with high temporal and spatial resolution, enabling a detailed study of the underlying
physical phenomena.

3.2.2 Optical control setup

In Paper II-IV, an home-built setup combining a laser and microscopy is used to con-
trol the movement of microswimmers and micromachines. As illustrated in Fig. 3.5, the
optical setup is divided into two main components: a bright-field home-built optical micro-
scope and an illumination system. The microscope is employed to observe the motion of
microswimmers and micromachines, while al064 nm laser is used to drive their movement.

For the setup details, a half-wave plate and a polarized beam splitter (PBS) are utilized
to horizontally polarize the 1064 nm light. The half-wave plate also controls the power of
the incident laser on the sample. The laser that passes through the PBS is then expanded
in beam size by passing through two lenses, L1 and L2. These lenses are used to weakly
focus the beam onto the sample, producing a spot diameter of 200um to ensure large-area
control of the microswimmers.

A half-wave plate and quarter-wave plate are positioned in front of the sample to
generate linearly polarized and circularly polarized light, respectively. Additionally, an
LED light provides illumination from above the sample, while a 20x air objective below
the sample generates a large field of view. The motion of the objects is recorded using a
CCD camera, with an infrared filter in place to filter out the 1064 nm laser and prevent
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Figure 3.5: Optical setup. The 1064, nm continuous-wave laser beam is expanded
to approximately 1,cm in diameter using a telescope system (L1, L2) and then focused
through a lens (L3) to achieve a spot size of about 300, pum. The laser’s output power is
manually adjusted using a half-wave plate (A/2) and a polarizing beam splitter (PBS). The
polarization state is controlled with a combination of half-wave (A\/2) and quarter-wave
(A\/4) plates after the dichroic mirror (DM), enabling either linear or circular polarization.
The 20x objective and CMOS camera capture the movements, while an infrared filter
blocks the 1064, nm light to protect the camera. PBS: Polarizing beam splitter; M: Mirror;
L: Lens; DM: Dichroic mirror; Frg: Infrared filter; A\/2: Half-wave plate; A/4: Quarter-
wave plate.

any potential damage to the camera.
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Research results

In this chapter, I present the results in four sections, each based on one of four distinct
studies. The first section introduces periodic gold-SiOg structures fabricated through
micro- and nanoscale techniques to investigate critical Casimir torque as an approach for
achieving nanometer-scale precision in manipulating the movement of micron-sized passive
particles. The second section transitions from passive particles to active microswimmers,
achieved by embedding optical nanostructures within the particles. This approach enables
the particles to harness energy from laser irradiation, leading to deliberately designed
complex motion. The third section details the integration of these particles onto a chip,
forming on-chip motors arranged in gear-like configurations to create sophisticated, func-
tional micromachines capable of autonomous motion. Finally, the fourth section explores
the application of these micromachines in fluidics control, demonstrating their ability to
generate complex and controllable fluid flow patterns.

4.1 Nanoalignment by Critical Casimir Torque

As discussed in the background, manipulation of the movement of micro- and nanoparti-
cles through temperature changes on a large scale remains challenging. the critical Casimir
force generated by density fluctuations at the critical temperature in the binary liquid can
be used to influence the movement of particles, such as trapping [222], bonding [148,49],
assembling [48]. However, experimental research employing the critical Casimir force,
particularly critical Casimir torque, for advanced on-chip manipulation of microparticles
with nanometer precision and more complex control remains limited, despite several re-
lated theoretical studies [223-225]. This motivated our research in Paper I.

In Paper I, critical Casimir force, both attractive and repulsive, along with electro-
static forces, were employed for particle manipulation. First step is to generate the critical
Casimir attractive and repulsive force. Whether critical Casimir force is attractive or re-
pulsive depends on the wet properties of substrate. Specifically, when two surfaces share
same wettability (e.g., both hydrophilic or both hydrophobic), an attractive force arises.
In contrast, when the surfaces exhibit opposing wettability, a repulsive force is observed.
Here, SiO2 was chose as the hydrophilic material due to the presence of surface hydroxyl
groups, which confer a negative charge and hydrophilic properties. The hydrophobic sur-
face was prepared by depositing a thin gold layer onto a glass substrate, followed by the
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application of a thiol coating. The thiols were self-assemble on the gold surface through
sulfur-gold bonds, with the opposite terminal group presenting hydrophobic properties.
This self-assembled monolayer remains stable for up to two months under ambient condi-
tions. To investigate the attractive and repulsive forces, microfabrication techniques were
employed to fabricate a disk-shaped particle, When the SiOs disk particles were on the
glass substrate, both hydrophilic, the close of temperature to the critical temperature (the
temperature control setup is shown in methodology section) induced the critical Casimir
attractive force. This caused the disk particles to approach the substrate, reducing par-
ticle diffusion due to the stronger hydrodynamic effect (Fig. 4.1a), which increases as the
distance between the particles and substrate decreases. In contrast, the critical Casimir
repulsive force dominates for particles on the gold surface, increasing the distance between
the particles and the substrate, thereby enhancing diffusion, as illustrated in Fig. 4.1b.

I demonstrated that tuning the properties of the substrate can be used to induce
either critical Casimir attractive or repulsive forces, which in turn modulate the motion
of the disk particles. I employed microfabrication techniques to integrate two surfaces
with distinct properties onto a single substrate. This process involved EBL, thin film
deposition via Evaporation, and lift-off process (details of the techniques are shown in
methodology section). Due to the gold the thickness of gold film is 25nm, the entire
substrate can be considered flat. The SiO2 regions of the pattern generate an attractive
force, while the adjacent gold regions produce a repulsive force. This combination created
a harmonic potential that effectively traps the particles at the center of the pattern, as
shown in Fig. 4.1c. The patterns are not limited to capturing disk particles; they can
also trap colloidal particles. Compared to disk particles, colloidal particles have a smaller
contact area with the substrate, leading to a reduced critical Casimir force. Since the
critical Casimir force is positively correlated with surface area, the substrate exerts a
weaker trapping potential on colloidal particles, resulting in increased diffusion relative to
disk particles.

In the experiment, I found that changing the temperature causes disk particles to
exhibit both parallel (Fig. 4.1c) and perpendicular (Fig. 4.1d) orientations relative to
the substrate. These two configurations do not exist independently but coexist, each
appearing with a certain probability. This probability can be controlled by adjusting
the pattern size on the substrate and the temperature. According to the experiment
results, my collaborators Pitor Nowakowski and Svyatrslav Kondrat conducted theoretical
simulation, confirming that it is primarily driven by the balance between critical Casimir
attractive and repulsive forces, as well as electrostatic force and gravity. When the pattern
size exceeds the particle size, the particle is primarily influenced by the critical Casimir
attractive force, with the repulsive force being negligible. This increase the probability
that disk is oriented parallel to the pattern. Conversely, as the pattern area decrease, the
critical Casimir repulsive force acting on the particle becomes greater than the attractive
force, causing the particle to favor a perpendicular configuration. Based on this, we
designed an oval-shaped pattern that encourages the disk particle to be perpendicular to
the substrate. The orientation of the perpendicular configuration is determined by the
orientation of the oval pattern on the substrate, unlike in circular patterns, where the
particels are perpendicular to the surface but exhibit random orientations. Therefore,
the particle aligns with the shape of the pattern to minimize trapping energy when it is
on the patterned substrate. Based on this, I fabricated a chiral particles formed by the
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Figure 4.1: Particle manipulation using patterned substrates via critical
Casimir force. Schematic and trajectories of a disk particle on a glass and b gold
substrates near the critical temperature. The critical Casimir attractive force on the
glass substrate reduces diffusion, while the repulsive force on the gold substrate enhances
diffusion at the critical temperature. The symbols + and — represent hydrophobic and
hydrophilic interactions, respectively. Schematic and optical microscopy images of trapped
disk particles oriented ¢ parallel and d perpendicular to the substrate around the critical
temperature. The right chiral disk particles, composed of two rectangles, are trapped on
a e right chiral pattern and diffuse freely on a f left chiral pattern around the critical
temperature. g The disk particle moves along a long trajectory, with the red trajectory
indicating linear movement along the triangle due to Brownian ratchet effects at the criti-
cal temperature, and the blue trajectory representing free diffusion. h Disk particle move
with a circular trajectory on the curved triangle. In g and g, the cross and the circle
indicate the trajectory starting and finishing points, respectively. Scale bars are all 10 pm.
Images c-h reproduced with permission from Ref. [226].



36 Research results

misalignment of two rectangles. In the experiment, I observed that particles were trapped
by patterns matching their chirality, as shown in Fig. 4.1e; if the chirality did not match,
the particles remained unstable and eventually detached from the pattern (Fig. 4.1f). Left-
handed particles aligned with left-handed patterns, while right-handed particles aligned
with right-handed patterns.

Different pattern can be designed to create various potentials for manipulating parti-
cles, not just for trapping them. Thus, I aimed to design a pattern that make the particle
move. Based on the relationship between critical Casimir force and the area of the pat-
tern, I designed a triangular pattern. As the area from the tip to the base of the triangle
increases, the applied critical Casimir repulsive force on the disk particles become greater
than the attractive force, restricting the Brownian motion of particles toward the tip and
causing them to move toward the base of triangle. By altering the length ratio of the base
to the height of the triangle, the speed of the particle can be adjusted. The manipulation
of particle movement is not limited to linear motion; the triangle can be bent to allow the
particle to move in a circular trajectory (Fig. 4.1g). However, the distance the particle
can move is limited. As the base of the triangle becomes smaller relative to the height,
the difference between the critical Casimir repulsive and attractive forces on the triangle
diminishes, hindering the particle’s movement. To enable the particle to move in a long
direction, I fabricated a series of superimposed triangles. By adjusting the temperature
close to the critical temperature, the particle moves along the triangle and approaches the
bottom. Then, by decreasing the temperature away from the critical temperature, the
particles leave the pattern and move randomly off the triangle. Immediately afterward,
increasing the temperature allows the particles to be trapped by the next triangle, contin-
uing their movement along it. By repeating this process multiple times, the particles can
move in a single direction for hundreds of microns or even longer, as shown in Fig. 4.1h.

In conclusion, Paper I, I demonstrated a method to manipulate micro-sized particles
with high precision using the critical Casimir force. This method requires onlt tempera-
ture control and allows for parallel, large-scale manipulation of particles without special
requirements regarding their properties. Specifically, the particles do not need to be mag-
netic, electrical, or transparent; they only need to be hydrophilic or hydrophobic. This
process provides a platform for studying the physical and chemical properties of particles
and for self-assembling functional materials, such as micro-LEDs and two-dimensional
material disks.

Contributions to the work:

In Paper I, I have fabricated the particles and substrate in cleanroom at Chalmers
University of Technology. I have designed and performed the experiments, analyzed the
data and prepared manuscript and figures for publication. The theoretical model and
simulations of this work have been done in collaboration with Pitor Nowakowski from
Max Planck Institute for Intelligent Systems in Stuttgart.
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4.2 Microswimmers driven by metasurface

Modest progress has been made in controlling micro- and nanoparticles in liquid by using
external fields to conunter the effects of Brownian motion [27,28,85,30,86,29,87-89]. One
promising development is the creation of self-propelled particles, called microswimmers,
which gather energy from their surroundings to move on their own. These particles mimic
biological systems, like bacteria, and offer insights into microbial movement and non-
equilibrium dynamics [149, 150]. They hold potential for applications such as targeted
drug delivery [61,165] and environmental cleanup [227,228]. While most current designs
rely on a Janus structure, which limits their functionality, future research aims to develop
more autonomous microswimmers with open-loop control for improved navigation and
interaction. Optical control has gained prominence over electric and magnetic methods due
to its precision in manipulating microswimmers through focused light [173]. While optical
tweezers effectively control particles, they often require tightly focused light [174,176,175],
limiting motion to feedback-controlled paths and necessitating illumination at multiple
points for complex operations. Recent studies have explored the use of nanostructures to
enhance light scattering and diffraction, allowing microswimmers to operate in plane wave
or weakly focused light fields, thus enabling movement across larger areas [179, 71, 180]
(more details in background section). By modulating light polarization with open-loop
control, both linear and rotational motion can be achieved. However, current motion
trajectories are primarily linear or circular. Future research should aim to optimize these
systems to facilitate more complex movement patterns, such as elliptical trajectories and
fixed-point rotations, thereby advancing the development of intelligent microswimmers.

To address this challenge, inspired by the work published by the Mikael Kall group [71],
the microswimmer is fabricated using microfabrication techniques that combine material
deposition, electron beam lithography (EBL), and reactive ion etching. Details of fab-
rication and the measurement setup for movement of microswimmer under illumination
are presented in methodology section. I started by designing a silicon metasurface, which
acts as a grating capable of efficiently diffracting incident light into the +1 order, en-
abling precise momentum transfer that drives the linear motion of microscopic particles,
as shown in Fig. 4.2a. To achieve more complex movement trajectories, I divided the
microswimmer into four parts, each covered by metasurfaces with different orientations.
These metasurfaces convert incident light’s momentum into forces in various directions
but same magnitude. When forces direction on adjacent parts are 90° apart, they gen-
erate optical torque due to their directional differences, causing the microswimmer to
rotate around its center (Fig. 4.2b). The Adjustment of the metasurface’s orientation
can controls the rotation direction of the microswimmer, allowing for either clockwise or
counterclockwise rotation. Fine-tuning the torque further enables elliptical trajectories,
with the profile and direction of trajectory controlled by adjusting the force magnitude.
The movement of the microswimmer can also be controlled by selectively embedding the
metasurface on certain regions. For example, when the metasurace was only embedded
on half area of the microswimmer, the force applied became asymmetric, shifting away
from the center of mass. This imbalance generated torque, causing the swimmer to rotate
around its center, as shown in Fig. 4.2c. By tuning the force magnitude, the radius of the
rotational trajectory can be adjusted, enabling diverse curved movement trajectories.
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Figure 4.2: Light-driven microswimmers with metasurfaces-controlled behav-
iors. a The microscopy images show a microswimmer exhibiting linear motion under
linear polarization, driven by the unidirectional arrangement of metasurfaces. This con-
figuration generates a force in a single direction, propelling the microswimmer forward.
The inset provides a schematic representation of the microswimmer, with blue sections de-
picting the metasurfaces. The white arrow indicates the generated force, while the black
arrow shows the direction of the microswimmer’s motion. The red line represents the mi-
croswimmer’s trajectory. b The microswimmer rotates locally around a single point, with
metasurfaces positioned in four distinct regions. The orientations of the metasurfaces are
arranged progressively at 90-degree intervals in a counterclockwise direction, generating
forces (white arrows) in four directions under linear polarization. These forces produce
an optical torque, leading to the rotation of the particle in counterclockwise direction
(black arrow). ¢ The microswimmer, with metasurfaces located in only half of its struc-
ture, performs counterclockwise rotation with a radius under linear polarization. d The
microswimmer exhibits an elliptical rotational trajectory under linear polarization. When
the direction of linear polarization is altered, the elliptical motion trajectory also changes
accordingly. In the microscopy image, the linear polarization is dynamically changed from
45° to vertical, resulting in a corresponding dynamic change in the trajectory. The scale
bars in a-d are all 10 um.

The propulsion of microswimmers originates from the metasurface, allowing their
movement to be independent of specific shapes. The flexibility of traditional photolithog-
raphy enables the fabrication of microswimmers in various geometries. Thus, in addition
to controlling movement by adjutsing the metasurface design, further optimization of
movement can be achieved by altering the geometric shape of the microswimmers, such as
circular, square, or L-shaped configurations. The shape of the microswimmer significantly
influences its motion primarily due to hydrodynamic effects. Hydrodynamic principles
indicate that different geometries can alter the fluid flow field around the microswimmer,
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affecting the forces acting on it and its trajectory.

As the metasurface is sensitive to the polarization of light, it enables dynamic control of
the behavior of microswimmers through the adjustment of polarization state. For instance,
a microswimmer exhibiting elliptical motion has its elliptical direction determined by
the orientation of the linearly polarized light. Specifically, when the light is horizontally
polarized, the major axis of the ellipse extends horizontally, while a vertically polarized
light aligns the major axis vertically. Therefore, by dynamically altering the direction
of the linearly polarized light, the elliptical trajectory of the microswimmer can change
accordingly, creating elegant shapes reminiscent of flowers (Fig. 4.2d). This capability
could have potential applications in environmental exploration.

In collaboration with Edoardo Manoni, we developed a theoretical model based on the
Langevin equation to describe particle movement. The trajectories predicted by this model
closely match the experimental results. In summary, in Paper II by adjusting the distri-
bution of the metasurface on the particles and the geometric shapes of the microswimmers,
I can design a variety of complex behaviors. This flexibility allows for the customization
of movement trajectory and enhances adaptability across different application scenarios.

Contributions to the work:

In Paper II, I have designed the experiment and fabricated the microswimmers in
the cleanroom at Chalmers University of Technology. I have performed measurement of
their behavior and wrote the code to obtain the trajectories of the microswimmers. The
theorretical model to simulate the behaior of the microswimmers have been developed by
Edoardo Manoni and me.
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4.3 Microscopic Geared Mechanisms

As discussed in background section, significant challenge persist in constructing on-chip
micrmachine below 100 pm [190,191,73], The definition of a machine here refers to different
components combined together to achieve a complex task.. This challenges arise from the
need to balance large-scale manufacturing, precise coupling of various components into
machines, and far-field driving methods while minimizing the spatial waste generated by
traditional electrostatic micromachines [191], which require driving components around
them. Metasurfaces, which can effectively address these issues, have emerged as a key
solution.

In Paper III, the first step in building a mechanical system is constructing a motor.
Using phase gradient metasurface to drive the motore requires solving two key challenges.
The first is how to induce rotation. Following the approach in Paper II, I arranged four
adjacent metasurfaces embedded in the motor at perpendicular orientations (Fig. 4.3a).
This design ensures that the forces generated under linear polarized light illumination
produce optical torque, causing the motor to rotate (Fig. 4.3b). The second challenge is
integrating the motor on the chip. I designed the motor configuration using donut-shaped
disk particles with silicon metasurfaces made of SiO9 as rotors. SUS8 pillar and cap are
constructed in the center of the disk, serving as stators to restrict the disk’s movement
in both two-dimensional and three-dimensional directions. Here, I need to describe the
fabrication process of the three-dimensional structure involving the pillar and cap, as this
is a newly developed method compared to Paper II. After fabricating the disk, I spin-
coat a 4 um thick layer of SU8 photoresist, then expose and develop it to form a pillar
inside the hole of the disk, as shown in Fig. 4.3c. The pillar is much higher than the disk,
restricting the disk’s rotation within a limited two-dimensional range and making any
lateral movement difficult. Then, I spin-coat a layer of positive photoresist and reduce
its thickness until it is slightly lower than the pillar. Another layer of SU8 photoresist
is then spin-coated and exposed to form a cap, which connects to the pillar. Once the
positive photoresist is removed with an organic solvent, the cap remains suspended above
the disk particle without making contact, ensuring the particle’s rotation is unaffected
while limiting its movement in the three-dimensional direction (Fig. 4.3d). The pillar
and cap securely fix the disk to the chip, preventing detachment even under significant
environmental fluctuations.

Under illumination, the motor rotates continuously. Since it is driven solely by light
and made of chemically stable materials, such as SiO2 and SUS8, it can operate for months
or even years if properly packaged to prevent water evaporation. As the light intensity
increase, the speed of motor also increases. Notably, I discovered that the relationship
between motor speed and light intensity is not linear. My collaborator Mahdi Shanei
and I propose that this is primarily due to the Si metasurface embedded in the motor
absorbing light, which raises the surrounding temperature and reduces the viscosity of the
liquid [229]. Mahdi Shanei used COMSOL to conduct photo-thermal simulation to validate
this hypothesis, and the absorption coefficient of Si was measured using an Ellipsometer.
In addition to light intensity, the rotation speed of the motor was adjusted by the number
of asymmetric dimers that comprised the metasurface. A large number of dimers resulted
in greater optical torque, which in turn increased the rotation speed. Because the motor
was not limited to highly focused light for operation and was fabricated using conventional
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photolithography process, different motors could be created on the same chip, regardless of
their shapes and sizes, and could rotate simultaneously under illumination. The minimum
motor size I was able to fabricate had a diameter of 8 um. This limitation was due to
two factors: first, the need to include enough metasurface elements to generate sufficient
force to overcome the liquid’s friction and enable rotation; second, the constraints of the
fabrication process itself, though with optimization, even smaller motors could potentially
be achieved.
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Figure 4.3: Light-driven micromachines. a Schematic of a micromotor embedded in
metasurfaces. The blue metasurface is divided into four sections, generating forces (white
arrows) in four directions to produce optical torque, driving counterclockwise (black arrow)
rotation of the micromotor. b Optical microscopy images showing the counterclockwise
rotation of the micromotor. Micromotor integrated on a chip using the c pillar and d
cap to limit movement in three dimensions. e Optical microscopy images of gear systems
with varying numbers of gears, where active gears (with metasurfaces) drive passive gears
(without metasurfaces). Red arrows indicate the rotation direction of the active gears,
while white arrows show the rotation direction of the passive gears. f Optical microscopy
images of a gear and rack system. The rotation of the gear induces left and right lin-
ear movement of the rack by changing the circular polarization to counterclockwise and
clockwise. g Optical microscopy images of a single-tooth gear and rack system. The rack
moves left when the gear touches it and moves right without contact, as the metasurface
on the rack generates a force to push it under linear polarization. All scale bars: 5 pum.

With the motor available, the next step is to utilize it to drive complex machine
systems. Using traditional microfabrication processes that achieve nanometer-scale align-
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ment accuracy for overlay, other mechanical components built around the motor can be
successfully coupled to it. The coupling between components was achieved using gear con-
figurations (Fig. 4.3e) commonly found in macroscopic mechanical systems. I fabricated a
series of two gears, with a driving gear controlling the rotating of passive gears of varying
sizes. The difference between the driving gear and the passive gears was the presence
of the embedded metasurface. The fabrication process was determined by whether the
metasurface was defined in the Silicon during the first fabrication step, while the sub-
sequent fabrication steps remained the same for both gears. The angular velocity ratio
between the driving and passive gears corresponded to the ratio of their diameters. This
meant that the angular velocity of the passive gear could be adjusted based on the angular
velocity of the driving gear and their relative diameters, a concept known as mechanical
advantage in gear systems. By modifying the size of the gears, both the torque and speed
of the system’s output were controlled. The purpose of this experiment was to demon-
strate that macroscopic gear systems can be scaled down to less than 100 um using our
method. The versatility of the approach allows for the fabrication of any type of gear
systems, regardless of the configuration of individual gears or the entire system. As a
result, multi-gear systems, including three, four and five gears, were also fabricated and
showed stable operation.

The motor rotated under linearly polarized light, marking a notable advancement
over previous methods that relied on circularly polarized or structured light to apply
orbital and spin angular momentum for rotation. However, while the orientation of the
metasurface determined the rotation direction, it could not be dynamically adjusted. To
address this issue, I designed a new metasurface arrangement. To understand the principles
for adjusting the rotation direction of the motor, it can be categorized into two distinct
motors based on the distribution of the metasurface, as illustrated in Figure 5. I observed
that for the top motor, the rotation direction remain clockwise under both clockwise and
counterclockwise circular polarization; however, the rotation speed varied. This behavior
occurred because the motor’s rotation under circular polarization was contributed from
two components:the torque generated by the asymmetric optical force and the spin angular
momentum. When the motor rotated in the opposite direction to the circularly polarized
light, the two components counteracted each other, resulting in a reduction in the motor’s
rotation speed. Conversely, when aligned with the light, the rotation speed of the motor
increased. Based on this, when the metasurfaces of the two motors were combined into
a single motor, the torque generated by the optical force was neutralized, leaving only
the spin angular momentum to drive the motor’s rotation. This configuration allowed the
rotation direction to change in accordance with the direction of the circularly polarized
light. Due to the similar structure of metasuface, the three motors were integrated onto the
same substrate. By dynamically changing the polarization of light through the quarter-
wave plate, the movement of the whole system changed accordingly, allowing for multiple
cycles of operation.

Embedding a motor that could dynamically change its direction of rotation into a
gear mechanism enabled the production of a system capable of altering its direction of
movement. This capability was not limited to rotation; I also designed a gear and rack
structure where the rotation of the gear drove the left and right linear movement of the
rack, as shwon in Fig. 4.3f. This demonstrated that the system could effectively convert
motion through a sophisticated mechanical design. However, the direction of this linear
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motion needed to be determined by changing the polarization of the light, requiring the
introduction of feedback control. This increased the complexity and made the system
unstable. To address this issue, I modified the design by embedding a metasurface on the
rack, allowing it to move in right direction under linearly polarized light, as illustrated
in Fig. 4.3g. The same gear with only one tooth was coupled to the rack. When the
gear contacted to the rack, the force applied by the gear exceeded the force generated
by the meatsuface on the rack, pushing the rack to the left. Once separated from the
rack, the rack move to the right. Through this deign, the rack can achieve reciprocating
left-right linear motion under linearly polarized light. Since the system was compatible
with complementary metal-oxide semiconductor (CMOS) technology, various material or
structures, such as metal mirrors, could be intergrated. In this case, I introduced a micro-
size gold mirror into the rack. With the linear movement of the rack, the mirror enabled
dynamic scanning of light.

In summary, I developed a method to integrate light-responsive metasurfaces that drive
motors on a chip, achieving sizes as small as 10um. The angular velocity of motor was con-
trolled by light intensity, and various configuration motors can be fabricated. This motor
enabled the construction of complex mechanical systems under 100um in size. Utilizing
silicon as the primary material, the fabrication process was compatible with standard pho-
tolithpgraphy techniques, making commercial production feasible. This approach opens
the door to a wide range of functions, providing micro- and nano-mechanical systems with
unprecedented capabilities.

Contributions to the work:

In Paper III, I have designed the experiment and fabricated the micromachines in
the cleanroom at Chalmers University of Technology. I have performed the measurement,
analyzed the data and prepared manuscript and figures for publication. The optical setup
that used for measurement have been built with the help of Giuseppe Pesce and Antonio
Ciarlo. The thermal simulation have been performed in collaboration with Mahdi Shanei
from Chalmers University of Technology.
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4.4 Microscopic Motors for fluid manipulation

Building on the results from Paper III, we have successfully fabricated various micro-
machines on the chip. These micromachines can be scaled up and coordinated to operate
collectively in liquid environment under the illumination. This capability has led me to
consider potential applications. Upon reviewing relevant studies, I discovered that similar
light-driven micromachines have been used for fluidic control, particularly as pumps in
microfluidic systems [195, 73,80, 81,230]. However, as highlighted in background section,
these devices often rely on highly focused laser beams [195,80] or are limited to special
shapes [81,230] and large size [73], which restricts their scalability. As a result, current
micromachine/micromotor-based pumps are not ideal for large-scale fluidic control or for
serving as a platform adaptable to diverse fluid manipulation tasks. The micromachines
develped in Paper III have the potential to overcome these limitations, offering a more
more flexible and scalable approach for advanced fluidic control systems.

In Paper IV, I applied the same fabrication process from Paper III to fabricate
micromotors with a diameter of 16 um, which can continuously rotate under 1064 nm laser
irradiation. Due to the small size and low rotational speed of the micro-motors, the fluid
flow around them exhibits laminar characteristics, with fluid particles moving along par-
allel trajectories. This low Reynolds number flow allows the micro-motors to generate sig-
nificant fluid motion with minimal force, as even small rotations or movements can induce
noticeable changes in the surrounding fluid field. To map this flow, we introduced 3 um
diameters SiO9 particles into the solution. The counterclockwise rotation of the motors
caused changes in the fluid field, driving the SiOs particles to move in a counterclockwise
direction, the schematic is shown in Fig. 4.4a. Modifying the metasurface arrangement
creates a clockwise-rotating motor, which induces fluid field changes that drive SiO9 par-
ticles’ clockwise movement. Varying the rotation speeds of motor modulates the fluid
dynamics, directly affecting the velocity of the SiOy particles.

In addition to studying the fluid field changes induced by a single motor, positioning
a clockwise-rotating motor next to a counterclockwise-rotating motor generates a linear
flow field. The clockwise motor creates an outward flow, while the counterclockwise mo-
tor produces an inward flow. When these flow overlap, the motors can rotate at similar
speeds to maintain uniform flow, resulting in the formation of a linear flow between them
(a schematic shown in Fig. 4.4b). The flow velocity is highest when the two flow fields
intersect and decreases with increasing distance from this region. This outcome is illus-
trated by the trajectory of the SiOs particles, with color intensity indicating flow speed.
The system is not limited to two motors; because the motors can operate under planar
waves, it can be scaled up. I constructed a 2 x 3 motors array, with three motors on the
left rotating counterclockwise and three on the right rotating clockwise, thus generating a
long linear flow field. Additionally, the arrangement of the motors can be designed to cre-
ate curved flow trajectories. Beside the linear flow field, positioning a clockwise-rotating
motor in the center surrounded by counterclockwise-rotating motors generates a circular
flow field that drives the SiO2 particles along a circular path in the central channel.

Furthermore, this raises the question of whether fluid fields can be engineered similarly
to the programming of electronic circuits. To explore this potential, I fabricated a 4 x 4
motor array in which the rotation direction of the 16 motors can be defined, such as
clockwise or counterclockwise. When all 16 motors rotate in the same direction, the flow
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field in the central region becomes zero. This occurs because the overlapping flow fields
of adjacent motors cancel each other out, effectively trapping the SiOy particles in the
center and preventing their escape. Otherwise, the surrounding 12 motors rotate in the
same direction while the central 4 motors rotate in the opposite direction, a circular flow
field is generated, the schematic is shown in Fig. 4.4c. Additionally, a configuration can
be created where the four motors in each vertical column rotate in the opposite direction
to the four motors in the adjacent vertical columns, resulting in a reciprocal flow field that
closely resembles an S-shaped microfluidic channel. A more complex configuration can
be established by arranging adjacent motors to rotate in opposite directions, creating an
8-shaped flow field in the central region. This design drives the SiOs particles to exhibit
more intricate motion trajectories.
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Figure 4.4: Light-driven micromotors control microparticle movement via
fluid fields. a Schematic of a micromotor integrated into metasurfaces. The blue meta-
surface is segmented into four regions, each generating forces (white arrows) in different
directions, producing optical torque. This torque drives the micromotor’s counterclock-
wise rotation (black arrow), controlling the fluidic field to move SiO9 particle (gray) along
a counterclockwise circular trajectory (green). b Schematic of two micromotors rotating
in opposite directions, generating a linear flow in the center. This flow drives the SiO9
particle to move in a straight line.c) (Scale bars: 10 pm). ¢ Schematic of a 4 x 4 array
of micromotors with alternating rotation directions, generating a circular flow. This flow
drives a particle to follow an approximately rectangular trajectory.

As previously demonstrated, the flow field changes according to the defined rotation
direction of the motors. Once the rotation direction is established, the flow field is fixed.
I introduced the motors demonstrated in Paper III, which utilize light polarization
to modify their rotation direction, thereby enabling control over the flow field changes.
Specially, the motors were used as gates, allowing for the control of fluid flow direction
by adjusting the polarization to open or close the gates. Additionally, the motors that
do not change their rotation direction were used as pumps to drive the fluid. This ap-
proach enables the reaction of a reconfigurable microfluidic chip. To conclude, motors
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fabricated using microfabrication methods under planar light operation enable scaled flow
field control compared to previous works. This approach allows the integration of various

movement units onto the chip, facilitating the creation of functional and complex flow
fields.

Contributions to the work:

In Paper IV, I have designed the experiment and fabricated the fluid chip in the
cleanroom at Chalmers University of Technology. I have performed the measurement,
analyzed the data and prepared figures and maniscript for publication. The hydrodynamic
simulation have been performed in collaboration with Adrian Paskert from University of
Miinster.
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Conclusions and Future Prospects

In my research, I first used microfabrication techniques to fabricate pattern substrate,
enabling the large-scale trapping and manipulation of mciron-sized particles ( Paper I).
In contrast to the method in Paper I, which manipulated passive particles by overcom-
ing Brownian motion by using physical field. In Paper II, I further developed micro-
fabrication techniques to construct active microswimmers that harness energy from the
environment via optical fields. These microswimmers exhibited more complex behaviors.
I then extended the work to micromotors integrated on the chips, designing various shapes
that were coupled in gear configurations t form functional machines capable of performing
complex tasks ( Paper III). At last, these machines were applied to microfluidic con-
trol, generating complex fluid patterns under non-contact optical manipulation and were
further integrated into the development of microfluidic chips ( Paper IV).

I have shown that by designing periodic patterns composed of gold and SiO2 on the
substrate and fictionalizing thiols to alter their wettability characteristics (i.e., hydrophilic
and hydrophobic), it is possible to enable these patterns to generate critical Casimir at-
tractive and repulsive forces at the critical point in a binary liquid system due to density
fluctuations as the temperature approaches the critical temperature. Both critical Casimir
attractive and repulsive forces act on the particles suspended on the substrate, resulting in
the trapping of these particles and allowing them to be oriented either parallel or perpen-
dicular to the substrate. Furthermore, the transnational and rotational movements of the
particles can be precisely controlled, and the shapes of the particles can be matched to the
substrate patterns for effective trapping. Currently, the particles studied in Paper I are
micro-sized, but further experiments could reduce the size to nanometers. By varying the
design of pattern, such as using bull eye pattern, it is possible to trap spherical particles
with diameters in the hundreds of nanometers [231]. These patterns can also be fabricated
directly by etching gold using focus ion beam milling [232], offering higher precision and
more complex designs compared to the lift-off fabrication process used in Paper I. Ad-
ditionally, the patterned substrate can be used to combine with other physical field like
magnetic, optical field to manipulate particles ad explore some physical phenomena, such
as anomalous diffusion [233,234], friction [235,236]. In the experiment, I used 100x oil-
immersion objective to control the temperature, with the heat being conducted from the
objective through the immersion oil to the sample. The area of temperature control was
limited by the contact area of the objective, restricting the scalability of the system. To ad-
dress this limitation, conductive substrates such as ITO glass [237] or gold substrate [238]
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could be used, allowing the sample to be heated via electric current. This would eliminate
the requirement for heavy objective and enable wafer-scale particle manipulation.

In I, I controlled disk-shaped particles, which hold potential for various applications,
including the micro-LED self assemble. Micro-LEDS are typically grown on sapphire sub-
strates to ensure high quality but must be transferred to silicon substrates for circuit
integration. Thus, large-scale transfer is crucial [239]. Currently, the commercial transfer
process relies on laser pulse [240], but limited throughput hinders widespread application.
Paper I demonstrated a temperature-controlled transfer method. If this method could be
scaled up, it would enable high-throughput transfer of micro-LED disk-shaped particles.
Additionally, the design of the substrate patterns affects particle’s trapping, allowing for
the trapping of particles of different sizes and shapes, facilitating the simultaneous assem-
bly of RGB particles with distinct advantages. Moreover, beyond the two-dimensional
alignment of particles, this approach can be extended to three-dimensional assemblies,
analogous to work using the Casimir and electrostatic force enables the stacking of mul-
tiple particles along the Z-axis [241]. In this system, the diversity in particle shapes
and compositions can be achieved through microfabrication techniques, offering greater
potential for the development of functional devices via three-dimensional assembly.

I have shown that metasurfaces can be embedded into microparticles through microfab-
rication techniques such as photolithography and etching. These metasurfaces can manip-
ulate optical fields to facilitate momentum exchange between light and particles, enabling
particle movement in water. By controlling the distribution of metasurfaces on the parti-
cles, the light intensity, and the shape of the microswimmers, a wide range of behavioral
patterns can be achieved. Furthermore, these behaviors can be regulated by adjusting the
polarization of the light. The long-term goal of microswimmers is to develop capabilities
similar to bacteria, such as environmental sensing, information transmission, and diverse
motion abilities [242]. Although progress has been made in diversifying their motion [243],
the development of other capabilities remains limited. In Paper II, the production of
particles compatible with standard semiconductor processes can be further functionalized
by depositing materials that are sensitive to temperature, light, or chemicals to achieve
these additional functionalities. For example, by depositing temperature-sensitive VOgy on
the metasurface, the refractive index and optical transmission can be modified by temper-
ature changes [244], affecting the metasurface’s diffraction efficiency and subsequently the
microswimmer’s behavior. This enables microswimmers to adapt their behavior based on
environmental changes. Moreover, environment-sensitive polymers can be functionalized
on the surface of the microswimmers, where changes in pH [245] or temperature [246] cause
transitions in polymer configuration, such as from an upright to a collapsed state, altering
the drag on the microswimmers in liquid and consequently influencing their movement.
Additionally, microswimmers can be connected by these polymers, such as hydrogels [68]
or liquid crystals [247], which can be achieved using two-photon lithography techniques.
By controlling the configuration of these polymers between microswimmers, the over-
all shape and behavior of the microswimmers can be modulated. This approach could
even be extended to design origami-like structures [248], creating mechanical metamate-
rials [249,250]. Given the powerful capabilities of microfabrication technologies, many
functional microstructures can be integrated into microswimmers to enable more intelli-
gent behaviors.

In Paper III, I have shown a micromotor that uses metasurface, as in Paper II,
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to enable momentum exchange between light and motor, allowing for rotation. The key
advancement was the integration of the micromotor onto a chip using newly developed
microfabrication techniques. By shaping the micromotor as a gear, it became possible to
couple it with other gears, forming more complex machines. In this system, gears with
metasurfaces act as driven gears, while those without function as passive gears. When
illuminated, the driven gear rotates and drives the passive ones. The number of gears can
be scaled from one to five or more. Furthermore, the micromotor was designed to rotate ei-
ther clockwise or counterclockwise, depending on the polarization of light. Beyond simple
rotation, the gear system can be combined with a rack to convert rotational motion into
linear movement. The fabrication process is fully compatible with CMOS methods, which
allows gold mirrors to be embedded into the structure to facilitate optical beam scanning.
As discussed in the background section, this work addresses the size limitations of earlier
electrostatic-driven machines. In comparison to existing far-field driven methods, which
are mainly limited to single motors due to challenges in compatibility with commercial
microfabrication, this approach demonstrates the feasibility of coupling multiple motors
to form functional machines. In the Paper III, the movement of micromotor is not
constrained by its shape, as the movement is primarily determined by the metasurface
embedded within the motor. This allows for the production of machines with any configu-
ration at this scale. In general, this system provides a versatile platform that can adapted
to meet the need of other fields such as mechanical engineering, chemistry, and biology.
The micromotor can be tailored to construct machine configurations required for specific
research applications. Given its cell-szied dimensions, the motor could function as a highly
sensitive sensor capable of measuring biomechanical forces [251]. Furthermore, due to its
compatibility with CMOS technology, the micromotor could be integrated with optical,
electrical, and chemical sensors, enabling precise detection of environmental analytes or
compounds.

The work has shown in Paper III is the application of micromachine developed
in Paper II. The rotation of the motor induces fluid movement, facilitating transport
of particles. Through microfabrication techniques, motors with adjustable configurations
and distance can be positioned on the same chip and operated simultaneously under illu-
mination. Various motor arrays have been designed, making complex fluid manipulation
feasible. Current efforts focus on controlling fluid dynamics, using a small number of
colloidal particles as tracers to visualize the fluid flow. Future work could involve denser
particle systems to study their collective behavior [150] under fluidic control. Additionally,
luminescent particles could be introduced, allowing the system to act as a microdevice for
modulating light fields. This setup could also function as an optical tweezers to control
the alignment of particles like cellulose [252], potentially coupling with other devices to
explore their properties.
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