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Abstract

In the early days of biology, dissection has been the staple for studying
the functions of the body and its component organs. The invention of the
microscope has paved the way the study of cells, bacteria and other
microorganisms. The ability to move such microorganisms or send
stimulus in a controlled manner can push our understanding of the
dynamics at cellular level. In this regard, the discovery of light’s
radiation forces becomes important in the field of biology. The field of
optical manipulation has evolved from the simple demonstration of
radiation forces to more sophisticated trapping setup and trapped
objects. This progress has been augmented with improvements in beam
shaping techniques, instrumentation and design of trappable objects.

The contribution of this thesis in the optical manipulation literature is to
introduce a new set of custom-made trappable objects which we call
light-driven micro-robots or light robotics. These are self-contained
micro-robots that are designed to perform specific tasks. The first
micro-robot that we will present is called the wave-guided optical
waveguides (WOWs). The WOWs designed for targeted light delivery
where a waveguide structure is fabricated and handles for trapping are
attached. The waveguide is coupled with a holography-controlled beam.
We have shown three-dimensional movement, tracking and coupling.
The second micro-robot is designed for material transport where we
have fabricated a vessel that can be trapped and manipulated. In
addition, an optically controlled loading and unloading mechanism is
built inside the micro-robot. It utilizes photothermal heating to generate
convection currents that can draw in and out the cargo. Our results
show that we can load and unload cargo which can be an important
feature in drug delivery.

This thesis is a documentation on the design and fabrication process,
sample preparation, experimental procedure and demonstration of the
capabilities of the micro-robots and our outlook on their potential use in
biophotonics. As we have used tools as extension of our hands in the
early study of biology, we envision these micro-robots to be an
extension of optical manipulation for studying further down in the
micro-scale.






Resumé

Lige siden de tidlige dage af biologi-udforskningen, har dissektion vaeret
kernen i at studere kroppens funktioner og dens organer. Opfindelsen af
mikroskopet banede vejen for studiet af celler, bakterier og andre
mikroskopiske organismer. Evnen til at flytte mikro-organismer eller
sende stimuli ind pa en meget kontrolleret og praecis made kan udvide
vores forstaelse af dynamikken helt ned pa enkelt-celle niveau. I den
forbindelse har opdagelsen af lysstralings-inducerede kraefter vaeret en
saerdeles vigtig milepzl inden for mikro-biologien. Forskningsomradet
optisk mikro-manipulation har udviklet sig dramatisk fra de fgrste
simple demonstrationer af lysstralings-kreafter i enkelt-strale optiske
pincetter til sofistikerede real-time modulationer af multiple samtidige
lys-feelder til fastholdelse og manipulation af komplekse mikro- og nano-
objekter. Dette fremskridt er blevet staerkt udvidet med de store
forbedringer i lys-strdle formning (sdkaldt laser beam shaping) og
design af specielle 3D-printede mikro- og nano-objekter.

Hovedbidraget i denne athandling er primeert at introducere en hel ny
generation af skrazeddersyede 3D-printede mikro-objekter, som vi har
valgt at kalde lys-drevne eller blot optiske mikro-robotter. Hver enkelt
af disse optiske mikro-robotter er designet til at kunne udfgre helt
specifikke opgaver pa mikro- og/eller nano-niveau. Den fgrste type
mikro-robot som vil blive praesenteret i athandlingen kaldes for Wave-
guided Optical Waveguides (WOWSs). Disse WOWs er konstrueret til at
kunne guide og malrette lys-afgivelse under diffraktionsgraensen (i
neerfeltet), hvor en avanceret bglgeleder-struktur er integreret sammen
med sakaldte "optiske handtag” til at styre strukturen alene vha. lys.
Bglgeleder-strukturen er kombineret pa snedig vis med en real-time
holografi-kontrolleret vifte af styrbare laser-straler. Vi har vist fuld tre-
dimensionel bevaegelse, sporing og ind /ud-kobling af laser-lys med disse
WOWs. Den anden type mikro-robot, som introduceres i athandlingen,
er konstrueret til materiale-transport, hvor vi har fremstillet et
miniature-fartgj, der kan fungere som en slags mikroskopisk kanyle.
Mikro-robotterne har indbygget en ren laser-kontrolleret "suge” og
”sprgjte” mekanisme. De udnytter sdkaldt foto-termisk opvarmning til at
generere en konvektions-strgm, der kan indtraekke, transportere og
udskubbe en lille last af smad partikler. Vores resultater viser, at vi
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effektivt kan "laste” og "losse” med denne type mikro-robot med et
meget spendende potentiale inden for sdkaldt "nano drug delivery” til
f.eks. isolerede cirkulerende tumor-celler eller pluri-potente stamceller.

Afhandlingen dokumenterer alle steps fra design, fabrikation,
progveforberedelse, eksperimentelle procedurer og til egentlig
demonstration af de fantastiske muligheder, der ligger i brugen af disse
nyopfundne optiske mikro-robotter og deres potentielle banebrydende
anvendelser inden for nanobiofotonik pa enkelt-celle niveau.
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1. Introduction

The use of radiation forces to manipulate minute particles has opened a
new area where light can be used as our “gentle hands” to get hold of the
microscopic world. With such ability, we have pushed our
understanding of biology. By being able to send stimulus in a controlled
manner, we can understand the dynamics of biological microsystems.
Aside from manipulating live cells to understand their growth as in the
budding of yeast or how they respond in close proximity with other
cells, we have learned to functionalize microbeads and attach them to
cells or DNA strand for force or membrane elasticity measurements.

Given the importance of understanding biology in the microscale, we
have developed micro-robots to extend optical trapping with new
functionalities. In this chapter we will first start with a broad discussion
of micro-robotics and the advantages of “miniaturizing” our
macroscopic tools and the challenges in moving to such small scale. The
rest of the thesis will cover our own light-based micro-robots, their
fabrication and actuation as well as our outlook in their applications to
contemporary biophotonics.

1.1. Micro-robotics

Robotics has found its uses in industry where some of the repetitive,
tedious, precise and dangerous tasks are now performed by machines.
What a wonderful thing it could be if we can scale that down in the
microscale! In the inspiring and prophetic talk of Richard Feynman back
in 1959 entitled, “There’s Plenty of Room at the Bottom”[1], he
mentioned the possibilities of bringing down the scale of everyday
objects such as an entire library. Doing so would reduce the storage that
is needed and thus allowing “plenty of room” for other things such as all
the books in the world. He also went further by imagining if we could
swallow a surgeon and do surgery from within. Incidentally, a film called
“Fantastic Voyage” was made in 1966 that is exactly about that. The
ability to make tiny machines allows us to reach places and perform
tasks that we cannot do or otherwise are invasive simply because we are
too big. Another advantage of miniaturization is economical fabrication
since only a small amount of material is needed and the whole process
can be parallelized. The strength of micro-robotics lies with the
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possibility of controlling multiple machines independently [2]. The
above examples sound like they are from science fiction however with
current fabrication techniques mostly from semiconductor industry
these can become possible. We just have to rethink our view of the
microscopic world since our intuition of the macroscopic world may not
always apply.

It is a great challenge to build, power and control tiny machines to
perform specific tasks. Micro-robotics is not simply about making things
smaller. Although the laws of physics are the same, the small dimensions
involved in micro-robotics can drastically affect which phenomena
dominate [3-6]. These effects can be separated as volume or bulk and
surface related. Volume related properties and effects include mass,
weight, heat capacity and body forces. Surface related properties and
effects include friction, heat transfer and surface forces. Consider a
characteristic length, L, volume scales as ~ L while surface scales as
~L?. As the characteristic length becomes smaller, we can see that
surface effects become more significant. For example, the weight of a
micro-robot will not matter but adhesion forces such as van der Waals
force is a major consideration (i.e. surfaces becomes sticky). Thus we
need to rethink how to implement macroscopic mechanisms such as
pumping, rotation of rotors, sliding and the like. Fluid dynamics also
differs with our everyday experiences that are characterized by a high
Reynolds number where we can see turbulence in fluid flow around an
object. The Reynolds number quantifies the interaction of the fluid’s
inertia and viscosity as it flows around an object and it is given by
L

o

where p, n and Vv, are the fluid density, viscosity and free-stream

Re (1.2)

velocity are characteristic of the system respectively. As the
characteristic length L of an object goes down, the Re goes down and we
arrived at more laminar fluid flow even around the object and viscous
forces dominate. The viscous drag thus eliminates momentum-based
movement of microscopic objects [7].

Aside from dealing with physical effects due to small dimensions,
another challenge is how to actuate or power up the micro-robots. A
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micro-robot should ideally be self-contained. This means that the parts,
the actuation mechanism are built-in or can be supplied externally for it
to perform its designed function. However, conventional power supplies
such as batteries are also affected by scaling of physical effects. The
amount of energy that is required and that also can be stored scales
down. However, it is not straightforward or to similarly scale down the
structure of batteries or other form of power supplies. Power supplies
that rely on surface area are more suitable such as solar cells or even
chemical reactions from the environment. Actuation can also come from
external sources such electric and magnetic fields and optical forces.

One of the earliest demonstrations of tiny machines powered externally
by chemical fuel is the catalytic nanorods. These are composed of
platinum and gold at defined zones that catalyze the decomposition of
hydrogen peroxide (H:0;) to propel them. Nickel is added to the
nanorods so that they can be guided externally by magnets. The linear
speed can reach up to 20 um s! depending on the concentration of the
H,0; [7,8]. An improvement on this design uses rolled-up thin film of
InGaAs/GaAs/Cr/Pt and can reach speeds of up to 110 pum s1. The
rolled-up nanotools can be designed to perform corkscrew motions and
have been demonstrated to be capable of penetrating a fixed Hela
cell [9]. 3D-printed “microfish” using the same propulsion mechanism
have been demonstrated and applied in detoxification [10].

Flagella and cilia are nature’s best structure for locomotion at low
Re [4,5]. The whip-like rotary motion of these structures allows
movement for microorganisms. Recently, an approach to attach living
bacterial flagella motors in a synthetic structure has been
presented [11]. The purpose was to construct a bio-hybrid micro-robot
that can move autonomously, or be guided by chemical gradients, while
the synthetic structure can be designed to accommodate drug delivery.

In these examples, chemical fuel from the medium is utilized to power
the tiny machines. Chemical fuel can provide high propulsion power. In
the case of catalytic nanorods, however, the challenge is the
compatibility issues of the fuel with biological samples [12].
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Nanowires have also been used for sub-cellular drug delivery with
precise control using electric fields [13]. Orthogonal electrodes attached
to a special container made of PMMA where opposite pairs is either
operating on AC or DC currents. The movement speed of the nanowires
is comparable to catalytic nanorods.

The above mechanism of actuation elegantly addressed the constraints
of having small dimensions and on top of that being able to perform
tasks such as cell membrane disruption and cargo delivery. However,
there are limitations with these mechanisms. Magnetic control requires
the inclusion of nickel which is inherently toxic to living systems. Also,
magnetic, electric and chemical gradient controls are difficult to realize
for 3D-manipulation [14,15]. Parallelizing the control of multiple micro-
robots will also be difficult.

In the next section, we will discuss micro-robots which use light as the
actuation mechanism. Although optical forces are not as strong as
external fields and chemical-based actuations, optimizations can be
made on the shaping of light and the micro-robots. Furthermore, light-
based actuation such as optical trapping is fairly straightforward to
parallelize and extend to multiple objects.

1.2. Light-driven micro-robotics
Light is an attractive mechanism for powering tiny machines. Advanced
control over natural or fabricated micro- or nano-structures using light
has been demonstrated throughout the years starting with the
pioneering work of Ashkin [16]. Developments in pulsed lasers, light-
curing polymers and complex optical trapping mechanisms all serve to
catalyze the advent of more complex light-based micro machines and
thus the emergence of so-called light robotics [17]. The fabrication of a
microscopic bull with nano-features by Kawata et al [18] is a popular
example of the precision and control that one can achieve with 3D-
printing based on two-photon absorption of light sensitive polymers
with the earliest work dating back to the mid 90’s [19]. From there on,
gradually more sophisticated micro- and nano-structures mimicking
macroscopic tools have been first light-fabricated and subsequently
light-actuated. A functional micro-oscillatory system has been made and
proposed as a mean to investigate the mechanical properties of minute
20



objects [18]. There have been reports on microscopic gears [20,21],
pumps [22] and even sophisticated light foils [23,24] that have all been
first fabricated and subsequently driven by light only.

The hallmark of light robotics is the use of light for fabrication, active
actuation and control. One approach, akin to traditional robotics,
exploits materials that can exhibit light-activated contraction to work as
artificial muscles. A typical example is the recently reported microscopic
walkers, which uses contraction of liquid crystal elastomers for
locomotion [25]. Another interesting modality is made possible through
the use of parallel optical trapping whether holographic [26-28] or
Generalized Phase Contrast (GPC) based [29-31]. Progress in optical
manipulation has been boosted by novel technologies such as provided
by graphics processing units and advanced spatial light modulators that
can enable calculation and generation of real-time multi-beam trapping
configurations [32]. Advanced optical traps can be controlled
independently or orchestrated to move a plurality of microscopic
objects simultaneously in a volume or confined to a plane. This has been
successfully demonstrated in applications such as for optical
assembly [33-35] and particle sorting [36-38]. An early demonstration
of the feasibility of light robotics is in real-time 3D manipulation of
custom-fabricated micro-robots made from silica [39]. The micro-robots
were optically translated, rotated and tilted thus demonstrating all six-
degrees-of-freedom which is a crucial requirement for light robotics to
perform delicate tasks such as surface imaging and force
measurements [40,41]. This has been further improved with two-
photon fabricated tools to the level where the achieved lateral
resolution is ca. 200 nm and with an impressive depth resolution of 10
nm [42,43]. Other functionalities such as surface-enhanced Raman
spectroscopy [44] and fluorescence enhancement [45] have been
demonstrated using metal-coated micro-robots. The flexibility in
microfabrication even allows the possibility to optimize the shape of
micro-robots to maximize momentum transfer [23,46-48] or force
clamping [43,49]. Similar optimizations can be made on the trapping
light by using position clamping [50], efficient illumination [51,52] or
using adaptive structured illumination [53]. Although light may not be
as powerful as the micro-grippers or chemical fuel, light can trigger
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secondary effects which, when channeled properly can be effective in
accomplishing different tasks.

This thesis will cover our body of work on light robotics. These include
targeted-light delivery using two-photon fabricated waveguide
structures and a micro-vessel for material transport with an optically
controlled pumping mechanism. We will also present optimization in the
illuminating laser beam for our devices used in the experiments. We will
end this thesis with a summary of our work and our outlook on the
potential applications of our micro-robots in contemporary
biophotonics.
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2. Light and Matter Shaping

Light-driven micro-robotics is primarily based on two important
concepts: optical manipulation and microfabrication. This chapter will
deal with the aforementioned concepts starting with the scalar
treatment of light field, which forms the basis of light shaping that is
relevant to optical manipulation and, to some extent, also with
microfabrication. Two of the most prominent light shaping modalities
are holography and the Generalized Phase Contrast (GPC) method. We
start with a discussion of Fourier optics as this will be the basis of the
beam shaping techniques mentioned. This is followed by a brief
overview of optical trapping using the above light shaping modalities.
Matter shaping is in the form of two-photon fabrication. Here we discuss
two-photon fabrication as a versatile method to fabricate customized 3D
microstructure that can be optically manipulated. We cite examples
from literature of the various functionalities and applications that are
possible with light-driven micro-robotics.

2.1. Fourier optics

When dealing with linear, isotropic and homogenous medium each
component of the electric and magnetic field in the source-free
Maxwell’s equations follow the same wave equation given by

2 n 52‘/’

Vy C—zﬁ_o (2.0)
The above assumption holds for the purpose in this thesis since we will
be dealing with free-space propagation or homogenous trapping
medium and low numerical aperture objective lenses (i.e. NA = 0.55).
Thus, with these assumptions, we can treat light, an electromagnetic
radiation, as a scalar quantity. Doing so can simplify propagation
equations and this will form the basis of the beam shaping techniques

that will be discussed in the succeeding sections.

General solutions to equation (2.0) are plane waves and spherical
waves. However we will be dealing with superposition of plane waves
throughout this thesis and so we put emphasis on this case. Given a time
harmonic field distribution ¥ =u(X,y,z)exp(-i2zvt) and substituting

into the wave equation yields the time-independent Helmholtz equation
given by
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(V2+k2)u =0 (2.0)

where U(X,y,2)is the complex amplitude, k =27/ and 1= . A detailed

derivation on the solution of the Helmholtz equation can be found in
standard references such as ref. [54] and we will only quote the final
solution given by

x Y, z ff fy, y exp{lE\ll /If ) } 2.1)

xexp[i27z( f X+ fyy)]olfxolfy

where U(fx,fy)‘ " is the angular spectrum of the initial field

u(x,y,z=0), 2 is the wavelength, and (fx,fy) are the spatial

frequencies. Equation (2.1) implies that U(X, y,Z)is a weighted sum of

plane waves and thus an inverse Fourier transform. This is a powerful
result as it significantly simplifies numerical calculation compared to the
full Maxwell’s equation treatment. The linearity and shift property of the
Fourier transform will also prove useful in hologram calculations for
optical trapping. Other approximations (e.g. Fresnel and Fraunhofer)
can be made to arrive at different propagation integrals. Using these
integrals we can model common optical components such as a lens. It
turns out that a lens performs a Fourier transform of the input at the
back focal plane. This result is relevant in holographic addressing that
will be discussed in the later chapters.

2.2. Beam shaping techniques

Now that we know how light propagates and how a lens affects field
distributions, we can now design an input field that will result in a
desired output field after going through our optical system. The topic of
beam shaping is a broad area and has important applications in optical
manipulation especially in a biological context and materials processing.

The transverse complex amplitude U(X,y) can be written as
A(x,y)exp[ip(x,y)] where Ais the real-valued amplitude and ¢ is the

phase. Thus beam shaping can be an amplitude modulation, a phase
modulation or modulation of both. Amplitude modulation is done by
masking or absorption which subtractively changes A. This approach is
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quite fast and simple as the mask can be the desired intensity
distribution. This is applied in photolithography where UV light is
blocked by a mask corresponding to the pattern to be imprinted. Digital
micro-mirror devices allow dynamic projection of amplitude patterns.
One drawback of this method is that it is inefficient as photons are
inevitably wasted to define a bright foreground pattern. Phase
modulation involves changing the phase term by passing the field
through transparent elements such as phase masks or bleached
photographic films. Phase modulation can be more efficient than
amplitude modulation since phase masks have low absorption.
However, phase modulation may involve optimization algorithms to
achieve the desired intensity distribution. Devices such as phase-only
spatial light modulators have enabled projection of dynamic patterns by
changing the phase of an incident light field. This section will focus on
different phase modulation techniques that are relevant in this thesis.

2.2.1.Digital holography

Holography was proposed by Gabor in 1948 as a “new” principle that
allows recording of both amplitude and phase in an interference pattern
called holograms [55]. Gabor observed that these holograms are records
of three-dimensional or planar objects. The setup proposed by Gabor, as
shown in Figure 2.1, uses a common path interferometer where a small
object is placed after a focus point. The disturbance caused by the small
object (i.e. object beam) and the unperturbed portion of the incident
beam (i.e. reference beam) interferes at the photographic plate. The
recorded interference pattern or hologram can then be used to
reconstruct the field distribution by illuminating it with the reference
beam. The result is a field distribution that makes it appear that the
object is present. One problem with the common path setup is that the
reference and conjugate twin image of the reconstructed field is along
the same optical path and thus causes crosstalk. An improved version of
the original Gabor setup is the off-axis holography setup proposed by
Leith and Upatnieks in 1962 [56] which solves the twin image problem.

25



interference maxima

primary wavefront E

NN
PoiIM
| Q) -

i

object \

secondary wavefront ___/_____H L
emitted by object

photographic  viewinglens
plate
Figure 2.1. Holography setup proposed by Gabor. Image
is adapted from [55].

Photographic film-based holography is used for storing volume
information of a static object and thus hinders its applicability for
moving objects. Today, this photographic film is replaced by liquid
crystal-on-silicon (LCoS) devices that can be modified dynamically (see
Figure 2.2). In these devices the wavefront curvature are digitally
encoded from pre-calculated field distributions using the equations
discussed earlier. Dynamic projection of holograms allows the creation
of holographic optical tweezers which has important applications in
biology. Optical trapping will be discussed later in this chapter.
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Figure 2.2. A liquid crystal-on-silicon device for dynamic
hologram projection.

Aside from optical tweezers, other special beams like Bessel beams and
Laguerre-Gaussian beams can be simply projected with an SLM instead
of using static phase plates. Iterative optimization algorithms can also be
employed to design arbitrary light patterns. In this thesis, we will be
using an adaptive Gerchberg-Saxton algorithm which will be discussed
in Chapter 4. In practice, digital holography is performed in a 2f or
optical Fourier transform geometry where focusing gives
holographically generated spots strong axial confinements making them
suitable for optical manipulation (e.g. holographic optical
tweezers) [26,57,58] and other exotic beams [59,60]. Structured light
using holography has been shown to improve trapping performance by
orders of magnitude [61].

2.2.2.Generalized phase contrast method

Another beam shaping technique is the Generalized Phase Contrast
(GPC) which is a generalization of the Zernike phase contrast method. It
uses a common path interferometer to do a direct phase-to-intensity
mapping. Unlike digital holography, GPC uses a 4f imaging setup and
makes a point-to-point mapping of phase to intensity. Thus, projection
of arbitrary light patterns has no computational overhead. In addition,
extended light patterns do not suffer from speckles. However, the one-
to-one mapping of GPC limits the attainable maximum output intensities
as compared to holography that can integrate light into foci. This makes
axial confinement weaker but can be overcome by using counter-
propagating beams in optical manipulation. As illustrated in Figure 2.3,
GPC works by taking the Fourier transform of an input field using the
first lens. At the plane of the phase contrast filter (PCF), the low spatial
frequencies are m-phase shifted to generate the so-called synthetic
reference wave (SRW) which will interfere to the imaged input field
upon passing through the second lens. The interference of the SRW and
imaged input field forms the intensity image of the input phase.
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Figure 2.3. Schematic of the Generalized Phase Contrast
method. An input phase is converted into an intensity
pattern through interference of the synthetic reference
and the scattered light.

Optimization of GPC using appropriate phase masks and phase contrast
filters will be discussed briefly. In this thesis, we will deal with the use of
GPC for efficient illumination of diffractive elements and for enhanced
light delivery of optically actuated micro-robots.

2.3. Optical trapping

A fundamental challenge in biology is to be able to directly manipulate
cells and their environs while maintaining their sterility and viability.
Optical trapping presents an ideal solution: a contact-free force that can
be applied through the walls of a cell culture chamber via an infrared
wavelength of light that is negligibly absorbed by biological tissue. When
focused to a diffraction-limited spot at high numerical apertures, objects
can be trapped in three dimensions (i.e. optical tweezers), which can
then be controlled and moved relative to their environment using either
the optics of the laser system or the stage and focus of a microscope.

Ashkin’s pioneering work on lasers provided the first clues to the
phenomenon, when he observed that micron-sized particles can be
accelerated by radiation pressure alone [62]. This effect arises from the
change of momentum of a photon as it is scattered by an object: this in
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turn creates an equal and opposite force pushing back towards the most
intense region of the laser beam. One component of this force is called
the gradient force which, as the name implies, depends in the gradient of
the intensity of the trapping beam. Another component, called the
scattering force, pushes the particle along the direction of the beam
propagation and depends on the intensity of the beam (see Figure 2.4).
This photon pressure is the same effect used by solar sails, such as the
recent successful demonstration of the IKAROS probe [63]: however, in
optical trapping the beam shape is controlled to provide a single energy
well that is able to overcome the Brownian motion of the particle, and
with which an object can be manipulated.

scatt

Figure 2.4. Different optical trapping geometries. (a) a
tightly focused single beam trap uses gradient forces to
keep the particle within the high intensity region.
Counter-propagating beam traps such as using (b)
opposing fibers and (c) generalized phase contrast (GPC)
uses the balance of scattering forces. The arrows indicate
the direction of forces. Image is adapted from [64].

Optical trapping is categorized depending on the size of the trapped
particle relative to the wavelength of the trapping beam. In the
geometric regime where the radius a of the particle is much larger than
the wavelength (a> A1), ray optics are sufficient to describe the
strength and direction of the optical forces. In the Rayleigh regime (
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a < 1) the trapped particle can be treated as a dipole. Mathematically,
the forces in this regime are given by

2ra
F =22V 2.1
grad Cegn, 0 (2.1)
l,on
Foat = ° c . (2.1)

where |; is the intensity of the trapping beam, ¢ is the speed of light in

vacuum, N is the index of refraction of the medium, « is polarizability

of the particle and o is the scattering cross section. Both the
polarizability and scattering cross section depends on the ratio of the
index of refraction of the particle n, and the medium. Between them lies

the Mie regime where the particle size is comparable to the wavelength (
0.1-104). Most biological samples lie in this range. In this regime,
electromagnetic field theory [65,66] can be used to calculate the forces.
Force calculation in optical traps is discussed in the work of Rohrbach
and Stelzer [67] and a computational toolbox is presented by Nieminen
et al [68].

A common approach to create single beam gradient force trap is to use
high numerical aperture (NA) objective lenses. These lenses generate a
tight cone of light forming a beam waist: for a beam with a Gaussian
profile, the maximum intensity (and thus maximum trapping force) is to
be found at this waist. The versatility of optical tweezers has progressed
with the advent of spatial light modulators (SLM) [69]. These systems
are generally (although not exclusively) rapid switching liquid crystal
(LCD) screens, which may be programmed to display patterns to diffract
incoming laser beams into tight foci. Multiple patterns can be generated
on the same SLM and the diffracting patterns rapidly recalculated,
generating large numbers of individually addressable traps which can be
dynamically altered in three dimensions [70,71].

High NA lenses impose their limitations, however. A tight cone angle
imposes a short working distance (< 250 um) and typically requires an
oil or water immersion lens. This is impractical for many on-chip
applications, while experiments requiring elevated temperatures
become problematic as heat is conducted through the objective body,
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resulting in both optical aberrations and extended equilibration times.
As a result, SLM beam shaping has been used to generate a number of
other beam profiles. For example, Bessel beams comprising concentric
rings of light are (for the purposes of microscopy and trapping) non-
diffracting, leading to their application in longer-range trapping and
sorting experiments. The discussion of Bessel beams and related light-
sculpting is beyond the scope of this thesis, but the interested reader is
directed to comprehensive reviews by McGloin and Dholakia [72] and
Woerdemann [60]. The applicability of such exotic beam to trapping and
micromanipulation applications was recently demonstrated by Ruffner
and Grier [73] by coherently superposing coaxial Bessel beams to create
a so-called “tractor beams” .

A number of other modalities for extending or altering trapping
geometries also exist: for example, a trapping effect similar to that of a
high-NA lens can be generated using a tapered optical fiber, which
provides both a simple technique for the introduction of a beam
orthogonal to the viewing plane but also permits the simple
organization of microparticles into ordered patterns and
geometries [74]. Another possible trapping configuration, the dual-beam
trap, uses counter-propagating beams. This has been demonstrated
using optical fibers [75] and extended to multiple dynamic traps using
Generalized Phase Contrast (GPC) -based trapping beams [76]. Counter-
propagating beams can also be used with lower NA objective lenses. The
long working distance offered by these types of microscope objectives
allows a side imaging configuration providing a more intuitive optical
trapping in 3D [77]. Counter-propagating beams use the scattering force
for axial trapping, and the axial movement of the trap is controlled by
varying the ratio of the intensities of the beams. Because single-beam 3D
optical traps become less stable as particle size increases, counter-
propagating beams are more suited to larger objects. The less stringent
requirement for a tight focus in counter-propagating beams also
prevents photodamage for live samples [78].

The different optical trapping methods mentioned above can provide a
way to “hold” and move the micro-robots. In our experiments, we will be
using multiple counter-propagating beams for manipulating the micro-

robots and take advantage of the large working distance for side-
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imaging. The next section will discuss two-photon absorption that is
used to fabricate complex 3D micro-robots

2.4. Two-photon fabrication

Trapping of microbeads has been a staple of optical manipulation. Many
discoveries especially in biology has used functionalized micro-beads for
elasticity measurement [79], porous beads for drug delivery [80], and
many more examples in literature [81]. Trap stiffness is extensively
studied with some authors providing computational toolbox to calculate
this [68].

Since the shape of the trapped structure highly influences the optical
trapping force, microfabrication is an equally interesting topic.
Microfabrication and nanofabrication are terminologies associated with
semiconductors. Here, the above techniques are confined to 2D
structures and moving to 3D requires successive deposition of material.
This limits the design that can be made. For a true 3D lithography, we
will use a nonlinear two-photon absorption process. Two-photon
absorption (TPA) processes enable the 3D localized polymerization of
photoresists. Photoresists are normally designed to be sensitive in the
UV range. Upon absorption of a UV photon, chemical reactions take place
which ultimately leads to formation of a solid polymer. In two-photon
absorption process, less energetic photon (normally in NIR range) is
absorbed by a molecule creating a virtual state which last for a few
femtoseconds [82]. While this virtual state is present, the molecule
absorbs another photon which completes the jump to excited state (i.e.
quadratic dependence on intensity). A comparison of single photon
absorption is shown in Figure 2.5. TPA is a rare event and happens at
high photon flux. This allows photopolymerization to happen only at the
vicinity of the focus. This localization allows the fabrication of fine
details and combining this nonlinear process with 3D scanning makes
lithography of complex extended objects possible. The first
demonstration of three-dimensional microfabrication was made in the
90’s by fabricating a spiral structure [19], which later on was used as a
microscopic oscillator [18]. The recent commercial availability of two-
photon fabrication systems has made rapid prototyping of
microstructures possible.
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Figure 2.5. A comparison of (a) single-photon and
(b) two-photon absorption process. In single-photon
absorption, a high energy photon is absorbed by the UV
sensitive photoresist within the illuminated volume.
Two-photon absorption uses two low energy photons
that are absorbed simultaneously to transcend from
ground to excited state. This event is rare and only
happens at the focus where the photon flux is high.

The chemical properties of the phototoresist also determine the smallest
feature size that can be achieved with two-photon fabrication.
Photoresists consist of monomers, oligomers, photoinitiators and
photosensitizers. Photoinitators create free radicals that start
photopolymerization of monomers and oligomers. Sometimes it is
necessary to add photosensitizers to improve light absorption and
production of radicals. The combination of these components can impact
the quality of the fabricated structure. In the fabricated structures
presented in this thesis, we use a commercial photoresist. However, one
can create his/her own recipe. For a more detailed discussion on the
chemistry involved in TPA, the reader is referred to references [82,83].

2.5. Summary

In this chapter, we have discussed the various light and matter shaping
techniques in this thesis. The most interesting aspect is the interplay
between the two and the possibility of optimizing both [17,24]. In this
thesis we will cover a light-sculpted micro-robot for light guiding and
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delivery [84-86] as will be discussed in Chapter 3. Some examples that
will be cited takes advantage of material shaping for tailored momentum
transfer [23,43,47]. The GPC method will be used as a light shaping
technique for optimal coupling through these light-guiding micro-robots
and will be discussed in Chapter 4. A new generation of micro-robots
which uses light-induced secondary effects for material transport is
covered in Chapter 5
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3. Holographic coupling of wave-guided optical

waveguide

One example of light-fabricated and light-driven micro-robot is the
wave-guided optical waveguides (WOWSs) [84]. These are two-photon
fabricated microstructures which consist of a waveguide with spherical
handles designated for optical manipulation. Earlier reports on the
capability of the WOWs show light guiding and confinement, and
targeted light delivery. As the WOWSs are maneuvered in 3D space, it is
important to maintain efficient coupling through the waveguide
structure for the aforementioned functionalities. In order to accomplish
that, we have made improvements in our optical trapping setup by
adding a holography setup. The inclusion of a holography setup allows
dynamic beam shaping of the coupling light and thus helps maintain the
functionality of the WOWs.

In this chapter, we discuss how the design and fabrication process of the
WOWs as well as the collection from the substrate for optical
manipulation and coupling experiments. The details of the optical
trapping setup will be presented here will also be relevant for the
succeeding chapters. Finally, we combine optical manipulation and
holographic coupling for a full 3D targeted light delivery will be
presented.

3.1. Fabrication and collection of micro-robots

The WOWSs are composed of a free-standing bent waveguide with a
tapering end that is attached to sphere handles for optical manipulation
with six degrees of freedom, as shown in Figure 3.1. This design is
chosen to perform targeted light-delivery in odd geometries that is not
possible with traditional trapping approaches. The fabrication has been
done using a commercial two-photon photopolymerization setup
(Nanoscribe Photonic Professional, Nanoscribe GmbH, Germany) and a
proprietary photoresist (IP-L 780, n=1.50 after exposure). The laser
writing speed is set to 50 um/s at 50% laser power. An array of
microstructures is fabricated on a glass substrate.
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Figure 3.1. Two-photon fabricated wave-guided optical
waveguides. Spherical handles are attached to the
waveguide structures for optical manipulation. Insets
show side-view imaging of an optically manipulated
WOW. Scale bar: 40 pm. Image is adapted from [85].

The resulting waveguides have a diameter of D=1pum and a bending
radius of 6 um. The surrounding water (n=1.33) serves as the effective
cladding for the waveguide and thus the numerical aperture is given by

NA= \/nvzvaveguide - ngackground =0.69 (3'0)

The normalized waveguide parameter, V, can be computed using the

waveguide diameter, D, numerical aperture, NA, and wavelength, 1 =532
nm, Substituting the experimental parameters yields a waveguide
parameter [87]

V= % NA = 4.075 (3.0)
For a straight waveguide, the obtained value suggests a multimode
operation but because of the small bending radius and the tapering it
does not necessarily mean that one will obtain a multimode output. A
more detailed analysis of mode propagation in bent waveguide and
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effect of tapering can be found in the works of Melloni et al. [88] and
Kerttula et al. [89] respectively.

After fabrication, the WOWSs are collected by putting a small drop of
0.5% Tween 80 solution with Rhodamine 6G dissolved in ethanol over
the structures. The structures are then manually removed and collected
by a small capillary tube (Vitrocom, 50 pm x 50 pm inner dimension)
attached to a syringe. After collection, the structures are transferred to a
cytometry cell (Hellma, 250 um x 250 pm inner dimensions) where
optical manipulation and coupling experiments are performed.

3.2. Optical manipulation of micro-robots

Optical manipulation of the microstructures is done using our
Biophotonics Workstation (BWS). A schematic diagram of the BWS is
shown in Figure 3.2 and simultaneous manipulation of multiple WOWs
is possible with this setup. Counter-propagating beams are used to trap
the four sphere handles of each WOW. The arrangement of the handles
allows movements with six-degrees of freedom and the axial movement
is controlled by changing the intensity ratio of the corresponding
counter-propagating beams. The traps are relayed to the sample using
two long-working distance objective lenses (Olympus LMPL 50x IR
objectives, WD = 6 mm and NA = 0.55). The large working distance
allows for side imaging of the sample (Mitutuyo MPlanApo 20x, WD =
20.0 mm, NA = 0.42). Besides showing the trapped structures from
another perspective, the side imaging also allows us to image the light
emerging from the waveguides when their exit tips face the side camera
view. Moreover, by adding fluorescent dye into the trapping fluid, the
side imaging provides a convenient method for visualizing the axial
propagation of the beams that are diffractively created to address the
waveguides.
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Figure 3.2. The trapping and coupling experiments are
performed in our Biophotonics Workstation which uses
counter-propagating beams (1070 nm) to hold the
spherical handles of the WOWSs. A digital holography
setup controls the coupling beam (532 nm).

The lateral trapping is limited by the area of the light modulation
component and the magnification of the relay optics. The operating area
in the sample plane is around 50 pum x 50 um. The axial trapping is
dependent on the ratio of the intensities of the counter-propagating
beams. In practice, we can lift a WOW up to a hundred microns from the
bottom of the cuvette before toppling over.

3.3. Holographic coupling for 3D light delivery

In order for the WOWs to function effectively in targeted light delivery,
the coupling light must be able to follow the WOWs as it move in 3D
space. Diffractive approach shows great promise in this regard since it
uses phase modulation which uses light efficiently. More importantly,
moving the coupling light is straightforward using simple lens and
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grating phases. In this section, we discuss the methodology on
holographic addressing of the WOWSs and show experimental results.

3.3.1. Diffractive addressing workflow

A diffractive SLM-setup has been included to the BWS for the
holographic addressing of the WOWs. The main components of the
diffractive setup consist of a diode-pump solid-state laser (Laser
Quantum Excel, 2 =532nm) as the coupling beam and a spatial light
modulator (Hamamatsu Photonics, Japan) for phase-only modulation. A
simplified diagram of the optical path from the SLM to the camera plane
is shown in Figure 3.3. The phase modulated coupling beam passes
through a Fourier-transforming lens ( f, =250 mm). The resulting

diffraction pattern is relayed to the sample using a 4f configuration
consisting of a lens (f,=300mm) and the bottom objective lens.
Imaging is done using the top objective lens and a variable tube lens ( f;

). The variable tube lens enables obtaining a focused image of the WOW
when it is axially displaced from the imaging plane of the top objective.

SLM diffraction
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Figure 3.3. Diffractive addressing workflow. The
coupling beam passes through different lenses in the
Biophotonics Workstation. In order to couple the beam
through the waveguide, the magnification needs to be
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accounted and the lens and grating phases to be
computed accordingly. Image is adapted from [85]

The holographic addressing uses the first diffraction order to couple
light through the input facet of each WOW. Since the diffractive setup is
independent of the BWS, intermediate calculations and scalings are
performed in a separate LabVIEW program having its own user
interface. The LabVIEW interface takes the movement of the computer
mouse as user input. For ease of control, the interface is overlaid with
the acquired video of the sample plane. The mouse movement ( Ax”, Ay” )
is measured relative to the position of the zeroth diffraction order in
pixels. To get the equivalent physical displacement in the sample plane,
a conversion factor « is multiplied to the displacements. This
conversion factor is dependent on the focal length of the variable tube
lens in the top imaging. The resulting displacements Ax"=aAx” and
Ay"=aNy" are then magnified with the 4f system giving the
displacements Ax'=MAX" and Ay’'=MAy"in the diffraction plane. The
displacements Ax" and Ay’ now serves as input for the grating phase

for lateral movement of the first diffraction order. It is given by
2r , ,
ateral (X ¥) =~ (XAX+ yAY') (3.0)
1

A similar approach is followed for obtaining Az’ using the side imaging
and its corresponding set of conversion factor and magnification. The
axial movement is then controlled using a lens phase given by

Pl (%, y)=—%(x2 +y?) (3.0)
1

The effect of the grating and lens phase is graphically shown in Figure
3.4. There may be situations where an offset is necessary to minimize
unwanted coupling (i.e. from the zeroth order diffraction) or to set a
convenient coordinate system for both trapping and coupling. The
effective phase for holographic addressing of a single WOW is then given
by

¢eff (X' y) = mOd(¢0ﬂset +¢|atera| +¢axial’ 277) (3-0)

The lateral and axial movement of the coupling beam is limited by SLM
pixel dimension and the magnification of the 4f setup. In the experiment,
limitation on the position of the WOW and coupling beam is set by the

40



BWS since it has a much limited working region. There is also an
inherent roll-off of intensity of the coupling beam due to the pixelated
nature of the SLM [90].

The interfaces for trapping and coupling are two separate programs.
Currently, the positioning of the coupling beam is done manually using a
computer mouse and is thus limited by the response time of the user.
The refresh rate of the SLM is also a limiting factor which is typically
equal to video refresh rate. For real-time tracking and continuous light
addressing, passing of coordinate variables and/or video processing is
needed between the two programs. This issue is addressed in the
succeeding section. The processing time and SLM refresh rate will set
the lower operational limit. The latency between trapping and coupling
is an important consideration for such a case.

unmodulated lens phase grating phase

Figure 3.4. Graphical representation of the effect of lens
and grating phases. Image is adapted from [85]

41



For addressing multiple WOWSs independently, we may use the random
mask encoding technique [91] which uses a disjoint set of randomly
selected pixels that is assigned to different WOWs. Each set will
therefore have its corresponding grating and quadratic phases. Figure
3.5 shows a snapshot from the side-view microscope, which visualizes
the axial propagation profiles of three holographically-created
diffraction-limited spots that are focused at different lateral and axial
positions. Images such as these can also be used to verify the axial
calibration used for encoding phase patterns on the SLM.

Figure 3.5. The use of holography for coupling the
WOWs allows independent control of each coupling
beams. Here we show 3 beams at different lateral
positions and focused at different depths. Image is
adapted from [85].

3.3.2.Light coupling through waveguides manipulated by optical
traps

The sphere handles of the WOWs are trapped by counter-propagating

NIR-beams for optical manipulation. The coupling beams are focused

into the sample chamber upward through the bottom objective. The

presence of the coupling beam now limits the degree of freedom of the

WOW:s into lateral, axial and in-plane rotations. In order to visualize the
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path of these coupling beams, a fluorescent dye (Rhodamine 6G in
ethanol) has been added to the trapping medium. For the demonstration
of light coupling, a single WOW is trapped and rotated such that its tip is
facing the side view CCD camera to capture the emerging light. We move
the WOW to particular position and use equation 3.5 to get the
necessary phase input the will result in a coupling light spot at the
position of the input facet. The position of the coupling beam is manually
determined using a computer mouse. Once this is set in the coupling
interface, the coupling laser is then turned on. This specific and on-
demand light targeting implementation is useful, for example, in
excitation of specific location and where photobleaching is undesirable.
If continuous light addressing is desired, the system can be modified to
include a real-time tracking algorithm.

The first part of the experiment is to test coupling for a single WOW as it
is being displaced axially within the trapping region. The WOW is
displaced axially by changing the intensity ratio of the counter-
propagating NIR beams. Figure 3.6 shows a comparison of light coupling
with and without holographic addressing.
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Figure 3.6. Holographic coupling of a WOW being
translated axially. (a) Without using the lens phase to
adjust the coupling beam, coupling can only occur at

certain axial position (i.e. at the objective lens’ focal
plane). (b) Using a lens phase to adjust the focal position
to the input end of the waveguide, the coupling light
emerges from the tip at all axial positions. Image is
adapted from [85].

Since we are using relatively low NA objectives, the depth of focus of the
coupling beams can appear to be relatively large, as shown in Figure 3.5.
However, some caution should be exercised when interpreting these
side view fluorescence images of the beam propagation since they are
not true optical sections and, hence, include contribution from out-of-
focus light. Indeed, the range of axial positions that gives rise to
significant coupling through the WOW is rather limited, as shown in
Figure 3.6a. Thus, a tracking system is required and our results show
that the axial range for significant coupling can be extended using
diffractive addressing, as shown in Figure 3.6b. The next experimental
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demonstration is to test coupling when the WOW is displaced laterally.
Figure 3.7 shows a comparison of the lateral coupling with and without

holographic addressing.

(a) (b)

Figure 3.7. Holographic coupling of WOW being
translated laterally. (a) Without using the grating phase
to adjust the beam, coupling can only occur at certain
lateral position. (b) Using a grating phase to adjust the
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lateral position of the coupling beam to the input end of
the waveguide allow the coupling light to emerge from
the tip at all lateral positions. Image is adapted from [85].

Both results for lateral and axial couplings show that a WOW can indeed
fully benefit from the dynamic holographic addressing. In contrast to a
fixed beam where coupling only occurs at specific points or regions in
space, diffractively-addressed WOWs can do full 3D targeted light
delivery.

3.4. Summary

We have demonstrated optimal tracking and coupling of wave-guided
optical waveguides (WOWSs) using dynamic holography for generating
beams that track both the lateral and the axial movements of each WOW.
The combination of the maneuverability of our waveguides and the
dynamic holographic addressing allows full 3D targeted light delivery.
This new functionality will prove useful in micro-biological applications
such as for photochemical triggering and in nonlinear optics such as
nanofocusing. The addition of dynamic holography to the Biophotonics
Workstation also opens the possibility of using optimally shaped beams,
such as non-diffracting beams for invariant axial addressing of the
WOWs. Transverse acceleration of Airy beams can also be used to
account for out-of-plane rotations. Airy beams form another class of
non-diffracting beams where the main lobe follows a parabolic path
during propagation [92]. In contrast to the well-known Bessel
beams [93] which uses conical phase in order to generate them
holographically, Airy beams uses cubic phase. In the next chapter, we
will cover related engineering challenges such as the efficient
illumination of the spatial light modulator and real-time tracking of the
WOWs.
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4. GPClight shaper for efficient illumination

Our ability to efficiently shape light has paved the way for a host of
important progress in photonics and biological research. In the context
of this thesis, we have presented holography as an important
methodology to targeted light delivery for our light-driven micro-robots.
In our specific application, holography is done by modulating the read-
out beam with a phase-only spatial light modulator (SLM) to generate
dynamic focal spots. Ideally, we want to illuminate the SLM uniformly
with a beam that matches the shape of its modulation element (i.e.
typically rectangular) as this will utilize much of the pixels in the
modulation element. The importance of efficient and uniform
illumination becomes clear when we deal with a multitude of micro-
robots that all needs to be light-addressed. In general, efficient
illumination is always desirable such as in holographic optical
tweezers [28,58,94], multi-site two-photon photolysis [95], parallel
microfabrication [96], and super resolution imaging [97] and should be
encouraged in any optical engineering design.

This chapter will cover the generalized phase contrast (GPC)
method for beam shaping as applied to efficient illumination of SLMs.
The most common method for illuminating beam shaping devices is
expanding and truncating the incident laser beam. While this approach
achieves uniform illumination, it sacrifices efficiency by wasting
photons. Yet many beam shaping applications demand high efficiency.
As an example, the work by Kato et al. [96] on multi-spot parallel
microfabrication needed to amplify the laser source to address a fixed
microlens array. In this case the available laser power limits the extent
to which the process can be parallelized. Since energy is distributed
among the focal spots, increasing the number of spots will result in
lower intensities for each. More recent example is in super resolution
microscopy where there have been reports on 2000-fold parallelized
dual color stimulated emission depletion (STED) fluorescence
nanoscopy [97]. The lateral resolution of STED nanoscopy is dependent
on intensity and therefore such massive parallelization would require
high intensity input pulse. Quoting from the authors, “the STED pulse
energy is a limiting factor to active highest resolution and large resolved
field of view at the same time.” The Gaussian envelope of STED intensity
makes the resolution position dependent that varies according to square
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root law. This particular application highlights the need for high input
power and uniform illumination. Power considerations may be
mitigated if one can afford high power sources although commercial
availability may be difficult for some wavelengths. Given the above
constraints, it is therefore necessary to have an efficient photon
management system that reshapes light while utilizing as much photons
from available laser sources.

The chapter will begin by a brief discussion of the GPC method and then
present the GPC light shaper as an add-on module to an existing optical
setup. For our purpose the optical setup is exemplified by the
holography setup. We will present improvements in output intensities
both in an array of focal spots and extended light patterns. Later, this
enhancement in the resulting output light pattern is applied to our own
light-driven micro-robot for high throughput targeted light delivery.

4.1. GPClight shaper

The GPC method uses a 4f imaging configuration to perform a robust
common-path phase-to-intensity mapping as shown in Figure 4.1. The
incident Gaussian beam passes through a phase mask that introduces a
7 phase shift within a defined region. For our purpose we use a phase
mask that has a rectangular phase shifting region matching the
geometry of the SLM used in the diffractive setup. A lens focuses the
beam through a PCF which 7z -phase-shifts spatial frequencies around
the zero-order. A second lens transforms these phase-shifted
components forming the SRW at the output of the 4f system. The SRW
and the unperturbed copy of the input then interfere at the output plane
creating an intensity distribution corresponding to the static phase
mask patterns. This creates an intense beam that matches the shape of
the phase-only modulation element (i.e. SLM) in the diffractive setup.
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Figure 4.1. Schematic diagram of the GPC Light Shaper.
A rectangular phase mask is used to match the shape of
the SLM. Image is adapted from [52].

For the experiment, we combine elements of GPC into a compact add-on
module called the GPC Light Shaper (LS). Some components can be
assembled from off-the-shelf optics parts. The phase masks and phase
contrast filters are made from fused silica wafers using wet etching
process. The optimal dimension and etch depth of the masks and filters
for an input Gaussian beam are previously reported in
references [51,98]. Figure 4.2 shows the physical setup for a GPC Light
shaper

Phase mask Fourier lens PCF Fourier lens
N

| [
[ | [4 |
| |

f=50mm f=50mm i f=50mm o

Figure 4.2. An actual GPC Light Shaper prototype. The
shaper is constructed from off-the shelf optical
components. Image is adapted from [51].
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We use a GPC LS designed for 4, =532nm wavelength and beam
diameter 2w, =1 mm. A rectangular phase mask with 4:3 aspect ratio is
used to match the shape of the SLM. The rectangular phase mask has a
width of W =2£w, =408.7 um and a height of H=3W =306.5um. The

radius of the PCF is given by Af, =nw; =18.76 um. The parameter ¢

represents the ratio of the phase mask radius and the input beam waist,
w, , while 7is the ratio of the PCF radius and the focal beam waist, W;.

For the above calculations, we used the values ¢ =0.4087 and 7 =1.1081

which are optimized for contrast and efficiency [51].

A numerical analysis for a circular phase mask across different » and ¢

shows that the acceptable input beam waist can be up to 2.5 times the
phase mask radius provided the corresponding PCF is comparable to the
beam waist of the focused Gaussian beam at the PCF plane [98]. The
limitation on the achievable PCF size is determined by the smallest
feature size that can be etched and the damage threshold of the material
used since a large input beam would result in a small intense focal spot.
Error tolerance calculation for the GPC LS used in the experiment
indicate that the system can tolerate axial misalignments within 2% of
the focal length of the lens used and lateral displacements within 20% of
the PCF radius and still maintain above 80% of its peak operating
efficiency [51].

A commercial device known as mShaper also accomplishes this same
task using a field mapping approach with a series of refractive
elements [99]. The output of the mShaper has high efficiency and has a
more flat profile although the output intensity profile is limited to
patterns with circular symmetry and a square pattern [100]. The
advantage of the GPC LS is that it can work with arbitrary phase mask
shapes. The different phase masks and PCFs can be fabricated en masse
in single fused silica wafer with a standard chemical wet etching
process. This makes the GPC LS more economical and moving from
different devices is just a matter of changing the appropriate phase
mask. A GPC LS designed for 4, has also been shown to work with a

wide range of wavelength within [0.75/10, 1.5/10] [101].
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4.2. Enhanced read-out of holograms

For an illustrative SLM-based beam shaping application, we used a
diffractive optical setup in an optical Fourier transform geometry, as
shown in Figure 4.3, which consists of a diode-pumped solid-state laser
(Laser Quantum Excel, 4, =532nm) with beam diameter 2w, =1 mm.

The horizontally polarized laser beam is de-magnified (1/1.5 times) to
meet the specifications of the fixed GPC light shaper module which
generates a small rectangular output beam profile with a 4:3 aspect
ratio. The beam is magnified before passing through a rectangular iris
which blocks peripheral light, also allowing direct comparison with a
hard-truncated Gaussian. The resulting rectangular beam is then
projected to a phase-only spatial light modulator (792 x 600 pixels, 9.9
mm X 7.5 mm active area) to read out holographic phase patterns
encoded on the SLM. The modulated beam is Fourier transformed using
a lens (f = 250 mm) and subsequently imaged to a beam profiler
(Gentec-EO, Beamage 3.0).

v | = — 0

1
2w, = 1.5 mm polarizer ( /1.5)X

[ |
: phase mask =1 5 |
1 Q-‘ 1
1 ™) 1
1 ': 1
beam _ I fi=50mm <> w5

I L
profiler ! fo !
% : PCF —2 = :
1 O
| fesommen > 5|
=250 mm | J=50 mm Sl
I U I

2.5% iris 10x

Figure 4.3. Experimental setup for enhanced read-out of
holograms. A GPC Light Shaper is added to pre-shape the
hologram read-out beam to match the SLM geometry. An
iris is added to make a direct comparison with a hard-
truncated read-out beam. Image is adapted from [52].
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For the hard-truncated input beam, the phase mask and phase contrast
filter (PCF) are retained but the PCF is slightly displaced to move the
phase shifting region away from the beam path and disable the phase
contrast effect. This ensures that the input beam encounters the same
material along the optical beam path to the SLM and onwards. During
comparison of the GPC-enhanced and hard-truncated hologram read
outs, laser power is kept constant. Hence, any improvement is attributed
to the beam shaping involved prior to the phase modulation at the SLM.

4.2.1. Gerchberg-Saxton algorithm for phase calculation and
intensity distribution synthesis

Our light detectors are only sensitive to intensity and cannot measure
phase. One workaround is to use a microlens array to focus an incident
wavefront into multiple focal spots. The shifts in the focal spot positions
can serve as a measure of the wavefront curvature. This principle is
implemented in a device called Shack-Hartmann wavefront sensor.
Another method to detect phase or the complex field is to use
holography wherein an interference pattern is recorded. A numerical
approach uses the propagation equations to calculate the complex field.
One such numerical method is proposed by Gerchberg and Saxton in
1972 [102]. The Gerchberg-Saxton (GS) algorithm is originally designed
as an alternative phase retrieval method to the more cumbersome
hologram recording using interfering waves as originally proposed by
Gabor. The GS algorithm calculates the complete field distribution (i.e.
amplitude and phase) from intensity recordings along the propagation
direction and relies on the propagation relation between the planes. The
algorithm iterates between the intensity planes where the recorded
intensity patterns are converted to amplitude and imposed as
constraints while keeping the phase information throughout. The goal is
to arrive at a self-consistent complex field that matches the intensity
recordings at their respective planes upon propagation. In this respect,
the GS algorithm can be thought of as an error reduction algorithm
where the difference in the recorded intensity and the generated
intensity from the iteration is minimized. An error criterion such as
normalized mean square error (NMSE) can be used as stopping
condition for the GS algorithm and the phase for the complex field
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distribution can be retrieved. More details on iterative phase retrieval
algorithms can be found in literature [103-106].

Aside from phase retrieval from existing intensity distributions, the GS
algorithm can be used for synthesis of light intensity distributions. Here,
we create our desired intensity distribution and calculate the phase that
will result to it. The calculated phase will serve as input for the SLM that
will modulate an incident beam. In this application, we are essentially
engineering light to behave in a manner that we want. However, we are
still bounded by the limits set out by the physical system we are using.
For example, SLM’s are planar devices and thus makes 2D mapping. To
generate 3D output light field distributions, one can make use of multi-
plane GS algorithm or multiplexing but the result suffers from intensity
crosstalk between the planes [107-109]. Alternatively, using an Ewald
sphere representation for the spatial frequencies and subsequently
mapping to a 2D SLM can be used to create physically realizable 3D
intensity distribution. This approach uses 3D Fourier transform and
may take considerable time for a convergence of solution [110,111]. The
Fast Fourier transform implementation on modern computers and/or
graphics processing units can be used for faster calculation and larger
array sizes.

Here we discuss an adaptive GS algorithm for intensity distribution
synthesis [112]. Consider two planes, one for the source plane and
another for the image plane. These planes are on the back and front focal
plane of a lens respectively and thus have a Fourier transform relation.
The algorithm is shown in Figure 4.4. The implementation of the GS
algorithm may start with an initial phase (e.g. a random phase
distribution) and a source amplitude constraint such as the rectangular
profile from the GPC LS which also serves as the hologram read-out

beam. The complex field E; (X, Y)= AxerXP(igy ) is Fourier transformed to
simulate the function of the lens and results in E, (u,v) =A exp(i(pn ) The
subscript n serves as iteration counter. The obtained amplitude A, (u,v)
is compared to the desired amplitude Ayggreq (u,V) by means of NMSE. If a

set error threshold is not met, a modified target amplitude A;(u,v) is
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calculated using a weighing function. The modified target amplitude is
given by [32]

Al ()= Ml(u,v){% NnT @)
where N, is a normalization parameter given by
> A (V)
N, = —Z“:'Vpﬁem f (4.2)

and y is a gain parameter which we set to 0.5 throughout in this chapter. The
resulting field E; (u,v)=A,exp(ig,) is back-propagated to the source plane
to get E,(x.y)=Aexp(ip,) . The amplitude A,(x,y) is discarded and
replaced with Aase,(x, y) for the next iteration. If the error is below a

threshold, the algorithm stops and the phase ¢, (x, y) is the optimized phase

that will result in the desired amplitude. The use of an adaptive algorithm
ensures uniformity in the output intensity patterns. The adaptive GS
algorithm is used to calculate the optimized phase to generate random
arrangement of focal spots and extended intensity patterns.
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Figure 4.4. Adaptive Gerchberg-Saxton algorithm with
spatially varying weighing function. Image is adapted
from [112].

4.2.2. Intensity increase and phase flatness of hologram read-out
beam

Comparison of the intensity of the read-out beams shows that GPC-
enhanced beam (see Figure 4.5a) has approximately three times
brighter than with its hard-truncated counterpart (see Figure 4.5b).
Note that the incident laser power is kept constant for each case. The
phase flatness of the read-out beam is an important consideration in
digital holography. Ideally, the read-out beam should have a flat phase to
avoid any aberration or at least the phase should be known so that it can
be included in the iterative algorithm or to allow compensation in the
SLM.

To get the phase profile of the GPC-enhanced and the hard-truncated
beam read-out beam, a multi-plane phase retrieval algorithm is used
based on the Gerchberg-Saxton algorithm [102]. Four images separated
by 1 mm are taken by imaging the beam emerging from the iris to the
beam profiler. These intensity images serve as amplitude constraints in
the calculation. The normalized mean square errors for the iterative
calculations are below 0.002. The phase is flat for both beam shaping
modalities within the high intensity region as shown in Figure 4.5c for
the GPC-enhanced and Figure 4.5d for the hard-truncated. Abrupt phase
change happens at the edge of the rectangular intensity pattern. The line
scans for the phase show rapid fluctuations outside the region of
interest due the dark noise from the beam profiler, but this is not critical
for the application.
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enhanced beam is higher compared to the (b) hard-
truncated beam. The phase is flat for the (c) GPC-

enhanced and (d) hard-truncated. Line plots are taken at
y =0.Image is adapted from [52].

(

-1 05 0 05 1 -1 -05 0 05 1

X (mm) x (mm)

There are other applications where a circular input is desired such as in
direct illumination of microscope objective for fixed beam optical trap.
The GPC LS can also adapt a circular shape and other rectangular shapes
by simply changing the phase mask as shown in Figure 4.6.
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Figure 4.6. Different hologram read-out beams can be
used by simply changing the phase mask of the GPC LS
such as (a) circle and (b) square. The phase profiles for
each shape are shown in (c) and (d) respectively. Image
is adapted from [52].

4.2.3. Comparison of hologram reconstruction

Typical applications of diffractive phase modulation are for light-
efficient dynamic spot generation in optical tweezers or, more recently,
for uncaging neurotransmitters and optogenetic photoexcitation in
neurophotonics research. Hence, we first tested the GPC light shaperin a
dynamic spot-projecting holographic configuration. We performed an
adaptive Gerchberg-Saxton algorithm as described in the preceding
section to compute the phase pattern necessary for generating a random
arrangement of light spots. We have, however, not optimized the phase
to produce patterns with a reduced zero-order and/or higher-order
spurious diffraction. Holographic projections were demonstrated for
both GPC-shaped and for hard-truncated input beams. The GPC-
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enhanced spots are more intense than their hard-truncated
counterparts and do not exhibit any gross distortions, consistent with
expectations from having a flat phase determined earlier. The intensity
gain is quantified using the ratio of the average light spot intensity in the
GPC-enhanced pattern to the corresponding average light spot intensity

in hard-truncated case. The zero order diffraction is not included in the
calculation.
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Figure 4.7. Intensity distribution of randomly arranged
focal spots. The GPC-enhanced spots are much brighter
as evident in the line scans. The gain is calculated for

each distribution. Scale bar: 1 mm. Image is adapted
from [52].

Both the GPC-enhanced and hard-truncated read-out beams have flat
phase making them suitable for phase modulation applications.
However, the high intensity gain from the GPC-enhanced beam has
major advantage for many applications. Figure 4.7 clearly shows a
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significant increase in the intensity of the generated spot arrays when
using GPC-enhanced read-out. The ~3x gain means that three times
more intense spots can be holographically generated with a GPC-
enhanced read-out using the same incident laser power. Alternatively,
this enables a user to generate an array with 3x more spots having the
same intensities as the fewer spots when reading out by a hard-
truncated beam. For example, the 40 spots created by GPC-enhanced
read-out in are still brighter than the 20 spots in the hard-truncated
case. This new functionality could have a large impact for various
applications, e.g. requiring multiple optical tweezers [94], multi-site
two-photon  photolysis [95] and in parallel two-photon
polymerization [96].

Another typical holographic application is the generation of arbitrary
extended intensity patterns. However, the inherent presence of speckles
is one major drawback of this beam shaping technique. A major cause of
speckles in diffractively-generated extended light patterns is the
“randomly” oscillating phase distribution at the far-field reconstruction
plane mainly caused by cross-talk between adjacent output resolution
elements due to the optical convolution process with the point spread
function (PSF) of the system [90,113]. Considering that we get 4:3
rectangular output with both GPC LS and hard truncation, the PSF for
both will have a 2D sinc profile matching the 4:3 aspect ratio and the
difference will only be by a scaling factor due to the gain in the GPC LS.
Alternatively, the SLM can be illuminated directly with small Gaussian
beam to fit inside the active phase modulation region. However, this
comes at the expense of losing some of modulation pixels and
consequently having a broader jinc PSF. Moreover, the central hotspot
can be problematic for high power applications, as previously discussed
at the beginning of this chapter, which provides the motivation for using
uniform illumination. Utilizing much of the SLM pixels is suggested for
applications requiring finer resolutions and thus highlights the
importance of a properly match read-out beam.

For our extended pattern targets, we use the university’s logo and a
binarized version of a standard test image. Figure 4.8 shows our results
for extended light patterns and there is a substantial intensity gain in the

resulting holographic reconstruction of extended intensity patterns
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similar to the spot arrays. The presence of speckle is in general an
undesirable feature of phase-only holography but for some applications
this can be tolerated when the aim is to efficiently generate high
intensities such as is the case for two-photon fabrication [114,115].
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Figure 4.8. Intensity distribution of extended patterns
using GPC-enhanced and hard-truncated read-out beams.
Image is adapted from [52].

Complex beam shaping methods may be employed to reduce speckles
however cascading SLMs or other pixel-based diffractive modulation
element to address both amplitude and phase is inefficient due to the
inherently low diffraction efficiency of SLMs and may demand high input
powers for operation. Typical efficiency of the first diffraction order
from a phase grating in an SLM is 40.5%.
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4.3. Enhanced coupling to wave-guided optical

waveguides

As an application of this hologram read-out enhancement, we added the
GPC light shaper in our holography setup for dynamic coupling of the
WOWs introduced in the previous chapter. We have also implemented
an object tracking algorithm to automatically retrieve the position of the
WOWSs and calculate the necessary phase for the coupling light. This
combination of efficient and real-time coupling significantly leverages
the capabilities of our WOWs for potential application in
photostimulation and to initiate nonlinear optical phenomenon on tiny
scales.

4.3.1. Object-tracking algorithm for real-time light delivery

As, before, the WOWSs are manipulated using the spherical handles held
by the counter-propagating trapping beams (Awap = 1070 nm). In this
scenario, a lateral movement of a single micro-robot can be
accomplished by simply dragging the beams along the lateral direction.
The axial movement can be performed by changing the intensity ratio of
the trapping beams. As the WOW moves in 3D space, we require its
coupling beam (Acoup = 532 nm) to track and follow it for continuous
addressing. The lateral displacements Ax" and Ay’ of each micro-robot
can be readily obtained from the trapping interface since the trapping
beams uses an imaging geometry and thus only a simple scaling is
needed for the hologram calculations. The axial coordinate cannot be
inferred directly due to the counter propagating nature of the trapping
beams. Hence, we need to use an object tracking routine on the side-
view imaging to automatically get the axial displacement parameter Az".
The built-in tracking routine in LabVIEW uses the mean shift algorithm.
It is a non-parametric iterative algorithm used in pattern recognition
and computer vision [116,117]. The algorithm is able to determine the
position of the micro-robot at video frame rate. The setup and
procedure is summarized in Figure 4.9.
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Figure 4.9. Schematic diagram of real-time enhanced
coupling experiment. Image is adapted from [86].

The required phase holograms for the lateral and axial movements of
each coupling beam are calculated using the lens and grating phases as
described in equation 3.5.

4.3.2. Color-based image segmentation for data processing

A long pass filter with cutoff wavelength at 550 nm is placed before the
applied CMOS camera to remove the coupling beams and use the
fluorescence signal to measure the total power output at the tip of the
micro-robot. We use an image segmentation approach based on the
color channel of the captured images to ensure that we compute only
the fluorescence signal. We take advantage of the RGB color model used
to represent the captured images. The RGB color model is an additive
model where different colors are produce by mixing three primaries (i.e.
red, green and blue) [118]. A cyan filter is installed with the white LED
for the side illumination. The resulting cyan color illumination registers
in the CMOS camera as having a RGB value of (0, 255, 255). The micro-
robots are practically transparent and also appear as cyan except for the
edges. Thus, the greenish fluorescence signal will result in localized
variations in the red channel only. Figure 4.10 shows a particularly good
localization of the fluorescence signal at the tip of the micro-robot.
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Furthermore, we can calculate the “center of mass” from the red channel
data to pinpoint the location of the tip and integrate the total power
within the vicinity. This procedure is similar to tracking fluorescent low
density lipoprotein receptor molecules [119].

255

Red channel Green channel jil‘ue-channel

.
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Figure 4.10. Image segmentation based on color
channel. The red channel shows a good localization of
the fluorescence signal. Image is adapted from [86].

4.3.3. Brownian motion of trapped micro-robot

Crucial to optimal coupling is to account for the uncontrolled movement
of the trapped microstructures due to Brownian motions. We measure
the amount of fluctuations of each micro-robot by trapping it in a fixed
position and use the output coupling beam at the tip as a light beacon to
locate its position. The trajectories for both GPC-enhanced and hard-
truncated coupling beams are plotted in Figure 4.11a and Figure 4.11b
respectively.
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Figure 4.11. Comparison of Brownian motion of trapped
micro-robots with (a) GPC-enhanced and (b) hard-
truncated coupling beams. (c) Power outputs of the
micro-robots with different coupling. The dashed line
shows the average power value. Image is adapted
from [86].

In both coupling cases, there is a small movement along the lateral
direction but a large variance along the axial direction. This is due to the
relatively weak axial confinement obtained by low-NA counter-
propagating beam traps. However, there are more pronounced
fluctuations in the GPC-enhanced coupled micro-robot. We attribute this
to the stronger recoil of the structure from the more intense coupling
beam [47]. This effect can be minimized by modifying the shape of the
handles [42,43]. Figure 4.11c shows the output power fluctuations for
the duration of our observation. We took the average power for both
coupling cases and took the ratio to calculate the gain. We found the
value to be 2.4 for a GPC-enhanced coupled micro-robot.

4.3.4.Real-time coupling of wave-guided optical waveguide

Coupling has been tested for both lateral and axial displacements of the
micro-robots, separately. The lateral movement is performed by
dragging its associated trap using a computer interface. The coordinate
variables are then grabbed to calculate the required grating phase. For
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axial coupling, the position of a micro-robot is obtained from the built-in
object tracking routine in LabVIEW. The obtained axial displacement is
then used to calculate the required lens phase. The results for the lateral
and axial coupling are shown in Figure 4.12a andFigure 4.12b
respectively. The total power for each case is calculated frame by frame
for the duration of the observations (~6 seconds) and the average
power for each coupling case is taken to compute the gain.
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Figure 4.12. Power variations of micro-robots as they

are moved (a) laterally and (c) axially. The dashed lines

represent average power values. (b) and (d) show the
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trace of the micro-robots’ movements as they are
manipulated and holographically coupled laterally and
axially respectively. Image is adapted from [86].

In both lateral and axial coupling experiments, the GPC-enhanced
coupled micro-robots show the highest total output power. This boost in
output tip-light from the micro-robots can have potential applications
when the aim is to trigger nonlinear light phenomena in biological
samples. The micro-robots can be coated with gold nanoparticles to
trigger local field enhancement for better fluorescence signal [45]. In
Figure 4.13, we demonstrate coupling following an arbitrary path.

Figure 4.13. Demonstration of GPC-enhanced real-time
coupling of an optically manipulated WOW following an
arbitrary path. Image is adapted from [86].

4.4. Summary

We have presented a light-efficient method of reading out a phase-only
spatial light modulator using the Generalized Phase Contrast method as
a compact add-on module called the GPC Light Shaper. The method
utilizes as many photons as possible in a given laser power setting
creating a high intensity output that matches the shape of the
modulating device. The flat output phase makes it suitable for
illuminating phase-only spatial light modulators. We have shown the

ability to create trapping spots or diffractive light patterns that are
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about 3 times more intense than using the traditional approach of hard-
truncation. Alternatively, this means we only need 1/3 of the laser
power to create similar intensity-level patterns to the hard-truncated
case or 3 times more trapping spots or diffractive pattern fill factor.

The above conclusion can be appreciated better when one considers a
scenario where a given laser source is already operating at its maximum
output and yet still not sufficient to perform, for example, a holographic
multi-beam trapping experiment of colloidal particles. The use of the
GPC LS prior to holographic encoding is able to "squeeze out" 3 times
more photons compared to the simple hard truncation. This gain in
photons might just allow an experimentalist to carry out this trapping
experiment with the given maximum power at hand. This scenario can
be extended to application cases that aim to parallelize processes based
on focused light by producing multiple foci.

The method presented here can be advantageous for a host of photonic
applications such as multiple optical tweezers, multi-site photolysis in
neurophotonics and parallel two-photon polymerization. Moreover,
multiple plane beam shaping techniques can benefit from this enhanced
read-out since the static beam shaping using the GPC LS is independent
of the reconfigurable SLM phase encoding. Due to the versatility of the
input phase masks for the GPC LS, the system is not limited to just
simple rectangular or circular apertures of basic light modulating
elements. For example, the phase masks used in the GPC light shaper can
also be fabricated for systems requiring a light-efficient read-out of e.g. a
microlens array or photonic devices with inherent specifically shaped
active modulating elements.

As an application of the enhanced hologram read-out, we have
experimentally demonstrated real-time continuous coupling of green
laser light to near-infrared laser-trapped and manipulated micro-robot,
the WOWSs, by using an object tracking algorithm. The addition of our
GPC Light Shaper in the diffractive setup allows for an efficient
formation of high intensity light spots that are particularly suitable
when addressing a plurality of moving micro-robots simultaneously. We
have obtained an output gain of up to 2.7 times and this complements

well with the targeted-light delivery capability of the micro-robots. The
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ability to switch between on-demand and continuous high intensity
coupling offers versatility for the light-guiding micro-robots for
potential applications in photo-stimulation and near-field excited
nonlinear optics.
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5. Light micro-robotics for material transport

We have presented so far the use of light to impart momentum on
polymerized microstructures to move them around. In this chapter we
present a new generation of light-driven micro-robots with a novel and
disruptive functionality. The purpose of the new micro-robots is to
transport cargo and it is designed to be self-contained. The mechanism
to load and unload cargo is built-in within the micro-robot. Inside the
micro-robots are thin metal layers that are heated with a laser beam to
generate secondary hydrodynamic effects such as thermal convection
and microbubble to draw cargo in and out of the structures.

This chapter starts by discussing the fabrication process for this new
type of micro-robot as well as the challenges along the way that resulted
in its current design. We will demonstrate loading and unloading
experiments that show promise in material transport. We will end this
chapter with a discussion on the implication of these results in the field
of drug delivery and as potential vehicle for plasmonics.

5.1. Design and fabrication of the transport vessel

As we have discussed earlier, a good micro-robot should have all its
parts built-in. In this section we will discuss the fabrication of optically
actuated micro-robot for material transport. The body of the micro-
robot is hollow to serve as container. We have tried different designs
and take into consideration the loading and unloading mechanism. We
have come up with a micro-robot that utilizes photothermal heating of
an embedded thin metal layer to generate convection current that draws
in and out the cargo.

5.1.1.Fabrication of hollow structure: Initial design
Our fabricated micro-robots are designed to act as a vessel for material
transport and thus should have an opening for loading and unloading of
cargo, a hollow body for storing the cargo and handles for optical
manipulation. For the initial investigation of this concept, we choose a
simple ellipsoid with axes having lengths of 20 um, 8 um and 8 um and
therefore has a volume of around 5 picoliters. We have tried different
diameters for the opening of the micro-robot. For the experiments and
results presented here, we use around 2 um hole on both end of the
ellipsoid. The micro-robots are fabricated with two-photon process as
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with the WOWSs. A brightfield and scanning electron microscope (SEM)
image of the structures are shown in Figure 5.1. The structures are
fabricated on a microscope cover slip.

Figure 5.1. Brightfield and SEM images of two-photon
fabricated micro-robots. The body of each micro-robots
is hollow with only small openings for loading and
unloading of cargo. Image is adapted from [120].

5.1.2.Light-controlled loading and unloading: Early demonstration
To test if the structures are indeed hollow as intended, we put a few
drops of deionized water over the structures. As the water slowly
engulfs the structures, we see some trapped bubbles inside the ellipsoid
indicating that they are hollow. It takes some time for the water to get
inside the structures through the holes and for the bubbles to disappear.
While there is still a bubble inside a micro-robot, we tried placing a
trapping beam on one end of the structure and we observed that the
trapped bubble moves toward the beam (see Figure 5.2). This
phenomenon is called thermocapillary bubble migration which is a
consequence of the temperature-dependent surface tension gradient in
the air-water interface [121]. This suggests the possibility of using a
trapped bubble as pump as was demonstrated in microfluidics [122]. In
the later sections, we will show an improvement of the design of the
micro-robot and a more in-depth discussion on this phenomenon.
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Figure 5.2. Thermocapillary bubble migration inside the
micro-robot. The bubble is attracted to the trapping
beam marked by the smaller white circle. Image is
adapted from [120].

As an initial attempt to verify this possibility we add a solution
containing 1 um polystyrene beads on the structures and load them
inside the micro-robot. Using a trapping beam from a 1070 nm laser, we
control the bubble inside to imitate a pumping action. The experimental
result shown in Figure 5.3 demonstrates that beads can be loaded inside.
In a similar manner, the beads can be pumped out by placing the beam
in the other end of the structure.
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Figure 5.3. Loading of beads inside the micro-robot
using thermocapillary bubble migration. Image is

adapted from [120].

5.1.3.Embedding a metal layer inside the micro-robot

The loading and unloading mechanism in the preceding section has been
demonstrated with the structures still attached to the glass substrate
and with a trapped bubble still present. However, for trapping
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experiments and especially with in vivo applications, the micro-robots
need to be optically manipulated and the loading/unloading mechanism
should be reliable. In other words, it should be self-contained. The
challenge with a trapped micro-robot is that it is quite difficult to induce
bubble formation or even thermal convection due to the low absorption
of the polymer comprising the structure and also the trapping medium.
Our solution is to embed a thin metal layer inside the structure that has
high absorption with the trapping beam. To test whether this approach
will work, we first deposited a thin metal layer on microscope coverslip
and shine a 1070 nm beam. We use electron beam physical vapor
deposition method to cover the glass substrate. The deposited metal
layer consists of 1 nm titanium as adhesion layer and 5 nm layer of gold.
We have observed bubble formation and strong thermal convection
starting at 17mW laser power as shown in Figure 5.4. We have also
observed strong convection current within the vicinity of the bubble.
Earlier work based on similar phenomenon using plasmonics has shown
applications in fluid mixing [123], thermoplasmonics [124], optofluidic
control using photothermal nanoparticles [125] and
micropatterning [126]. Numerical simulations on heating plasmonic
structures show that convection current can be formed around them
and thus allows the possibility to control fluid flow [127]. In this thesis,
however, we did not investigate further if we are observing plasmonics.

with metal layer

microbubble

glass substrate

Figure 5.4. Heating of thin metal layer on glass substrate
using a 1070 nm counter-propagating trap. The thin
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metal layer consists of 1 nm titanium adhesion layer and
5 nm gold thick gold layer. Image is adapted from [120].

The result we got from the thin metal layer on a glass substrate is
encouraging. Thus, the next step is to place the metal layer inside the
structure. For this part, the challenge now is how to expose only the
region where the metal layer is to be deposited while protecting the rest
of the structure. To solve this, the ellipsoid body of the micro-robot has
been changed to a different design.

The shape of the new micro-robot is based on the surface of revolution
of the so-called teardrop curve [128,129]. Cargo may be loaded and
unloaded through an opening at the anterior part of the structure. The
diameter of the spout is set to 6 pm. Spherical handles are added to the
structure for optical trapping and manipulation. A hole is left open on
top of each micro-robot body to enable subsequent deposition of a thin
gold disc on the bottom inner wall of the micro-robot by electron beam
vapor deposition. A mask fabricated over the micro-robot exposes the
target region while shielding the rest of the structure during the
deposition process. After two-photon exposure, the written structures
are developed in a bath of isopropyl alcohol for 15 minutes. A second
alcohol bath ensures that no photoresist remains inside the hollow body
of each micro-robot.

The developed structures are subjected to electron beam physical vapor
deposition to embed a thin metal layer inside the body of each micro-
robot. First a 1 nm layer of titanium is deposited as adhesion layer
followed by 5 nm layer of gold. The deposited metal layer is a circular
disk of radius 8 pm. The fabrication process of the new micro-robots is
summarized in Figure 5.5.
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(a) two-photon-polymerization of microtools and masks

(b) electron beam physical vapor deposition

(C) collection of microtools
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Figure 5.5. Fabrication process for the metal-embedded
micro-robot. (a) The process starts with fabricating the
micro-robots with two-photon polymerization process. A
mask is also fabricated on top of each micro-robot to
expose the region where the metal-layer is to be
deposited. (b) The development of the micro-robots is
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followed by electron beam physical vapor deposition of 1
nm layer of titanium followed by 5 nm of gold. (c)
Selected micro-robots are collected from the substrate
and transferred to a cytometry cuvette for trapping and
loading/unloading experiments. Image 1is adapted
from [130]

5.1.4.Sample preparation

The fabricated micro-robots are anchored to the glass substrate. A glass
capillary tube attached to a microliter syringe is used to dislodge and
collect a few of the micro-robots. The same syringe loads the micro-
robots into a cytometry cuvette (Hellma, 250 um x 250 pm inner cross
section) containing a solution of deionized water, 0.5% Tween 80
surfactant and 10% ethanol. The process is performed under the
microscope and, thus, transfer efficiency can be as high as 100% due to
the selective and interactive picking approach. Unused micro-robots
remain safely anchored to the substrate for succeeding experiments.
Figure 5.6 shows a more detailed description of the collection process.
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Figure 5.6. Collection of micro-robots. A fine glass
capillary tube is fitted to a microliter syringe to dislodge
and collect the micro-tools. The movement and pumping
of the syringe are controlled by motorized actuators. The
interactive collection mechanism employed in our setup
allows up to 100% transfer efficiency. Image is adapted
from [130].

5.2. Loading and unloading of cargo

Once samples are loaded in the cytometry cuvette, we perform optical
manipulation and loading/unloading of cargo. In this section, we present
the experimental results showing the loading and unloading of the
micro-robot by optical means.
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5.2.1. Optical manipulation and light-induced thermal convection
Optical trapping and manipulation experiments are performed on the
BioPhotonics Workstation (see Figure 5.7). As with the previous
chapters, the micro-robots are manipulated by counter-propagating
traps. The BioPhotonics Workstation also generates an additional
trapping beam, which is “repurposed” to illuminate the thin metal layer
inside each structure, which then serves as a light-activated heating
element for the fluid inside the micro-robot. The laser power at the
sample plane needed to initiate convection is observed to occur starting
at 17 mW. Videos of the experiments are grabbed from the top-view and
selected snapshots are presented in this thesis.
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Figure 5.7 Schematic showing the BioPhotonics
Workstation for optical trapping, manipulation and
actuation of a micro-tool. (a) The Biophotonics
Workstation generates counter-propagating beam traps
using a multi-beam illumination module. The top and
bottom set of counter-propagating beams are imaged in
the cuvette through opposing 50x objective lenses. The
top imaging is fed real-time to the user-interface for
intuitive optical manipulation. (b) Once loaded in the
cuvette, optical manipulation of the micro-tools is done
using real-time configured counter-propagating beams
for each sphere handles. The use of multiple trapping
beams allows tool movements with full six-degrees-of-
freedom actuation and it is controlled by a LabVIEW-
based user interface. An extra beam aimed at the micro-
tool’s top hole is used for heating the thin metallic layer.
Image is adapted from [130].

Each of our micro-robots was designed to function as a vessel that can
be moved with optical traps in real-time. Proof-of-principle experiments
demonstrate that each of them can be used to load and unload cargo
using laser-induced thermal convection. When the thin metal layer is
heated with one of the available trapping beams, we observed that the
heat generated is enough to produce strong convection currents that can
pull 2um-diameter silica and 1pm-diameter polystyrene beads towards
the spout of the tools. We show in Figure 5.8 an illustrative flow speed
measurement for a silica bead starting from outside the micro-robot
until it enters its body. We observed flow speeds of around 10 um s-1
near the opening which slows down as it moves towards the bigger
cross section in accordance with the continuity equation. Near the
heating element, the flow speed reaches more than 25 um s-1. This is
greater than previously reported flow speeds generated by two-photon
fabricated rotors acting as micropumps [22].

Thermal convection due to photothermal heating involves both photonic
and fluidic phenomena. Multi-physics computer modeling of plasmonic
heating elements having dimensions less than 200 nm predicts flow

speeds of around 10 nm s and it has been suggested that heating
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elements should be greater than 1 pm for microfluidic
applications [127] (we used 8 pum diameter). The convection current
that draws particles into our micro-tools can be the combined result of
natural and Marangoni convection [131]. The temperature gradient
from the light-heated metal layer can directly create natural convection
but it can also create a surface tension gradient along a microbubble
surface. The surface tension gradient due to the temperature difference
between the top and bottom surfaces of a bubble leads to Marangoni
convection, which can be very strong [121]. Once the particle touches
the microbubble, surface tension force essentially traps the particle and
thus prevents it from coming out. A study of particle assembly on
sandwiched colloidal suspension using Marangoni convection reports a
maximum flow velocity at the gas/liquid interface to be as high as ~0.3
m st. Away from the bubble there is a significant slowdown on the
velocity [131]. The trend in our flow speed measurement of a tracer
particle while it is being dragged by the convective flow (Figure 5.8) is
consistent with this observation. An increase of 1-2 orders of magnitude
on the mass transfer has also been observed for dissolved
molecules [132].

Photothermal particles and thin metal films have been previously used
in microfluidics for heat-induced flow control, sorting and mixing.
However, the precise spatial control of particles’ motion and locations
such as placing them where and when they are needed can be
challenging for smaller particles [133]. Moreover, thin metal films
deposited on fixed regions within microfluidic channels completely lack
the maneuverability that we show here. In short, our approach
demonstrates a solution to this challenge by integrating the thin metal
film within each light-controlled micro-tool that can readily function to
transport cargo.

In our experiments, laser-induced heating of the metallic layer is able to
form a microbubble inside the body of each micro-tool. Such
microbubble formation is known to occur at temperatures between 220
and 240 °C for an array of nanoparticles and it is more or less invariant
with the size of the illuminated area and incident laser power [134].
Moreover, we have observed that some of the polystyrene beads

captured by a micro-tool can be melted by continuously heating the
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fluid. No damage has been observed on neither micro-tools nor metal
layers from the photothermal heating.
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Figure 5.8. Flow speed measurement. The thin metal
layer inside the body of each micro-tool is heated with a
laser beam (1070 nm), which, in turn, creates a
microbubble and generates strong thermal convection
currents that gradually draw the cargo towards the
spout of the micro-tool. We use a feature tracking
algorithm to monitor the movement of the beads. The
zero position is set at the spout of the micro-tool. The
clear gap observed in the velocity plot is due to the
limitation of the tracking algorithm to identify the bead
when it crosses the dark outline of the micro-tool. The
blue and red plots represent the velocity of a bead while
it is outside and inside of the micro-tool, respectively. An
image of a micro-tool is added to give a scale-indication
of the horizontal axis. Image is adapted from [130].

Continuous illumination generates strong thermal convection currents
that pull surrounding particles toward a laser-induced microbubble.
Others have shown the feasibility of exploiting this for material
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transport, e.g., direct-writing of patterned particle assemblies. It has
been reported that dragging a microbubble with a heating CW laser
beam can collect and deposit particles along its path to accomplish
direct-writing of patterned particle assemblies [126]. Our tool utilizes
the same principle with the advantage of greater selectivity and control
over the particle collection since the design of the tool limits the
direction of convective flow. In Figure 5.9, we demonstrate spatial
control of the micro-tool by picking up scattered silica beads. The
particle velocities we have measured for our micro-tool is significantly
larger compared to using an optical trap alone. We have therefore
exploited the conversion of optical energy to heat and, consequently, to
kinetic energy via hydrodynamic effects to realize a new light-based
micro-tool capable of performing controlled mechanical interactions
with its surrounding micro-world in a way that goes beyond the
limitations of conventional optical trapping. Whereas conventional
optical trapping requires sufficient refractive index contrast between
the captured particles and their surrounding medium, our method does
not suffer from this inherent limitation. Potentially unwanted radiation
effects to the sample can also be minimized or prevented.
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Figure 5.9. Loading of cargo using photothermal induced
convection. Due to the spatial control provided by optical
manipulation, the light robot can pick up cargo at
different locations. Image is adapted from [130].
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Upon loading cargo inside the tool and conveniently moving the tool to
another location by optical micromanipulation, our experiments show
that we can also exploit light-induced processes to eject captured
particles. Figure 5.10 shows experiment results demonstrating that the
cargo can be ejected by slightly moving the heating beam across the
body of the micro-tool to perturb the microbubble to pump fluids with
the particles out of the structure. This functionality mimics the familiar
action of pumping a syringe. It has been observed that bubbles get
attracted to regions of higher temperature in a phenomenon called
thermocapillary bubble migration [121]. The attraction of the bubble to
a heat source is very strong (i.e. up to an order of magnitude stronger
than optical forces) thus it is feasible to use thermocapillary bubble
migration as control for pumping. Trapping of bubbles has also been
observed in more viscous molten glass medium where deformation of
the bubble is the proposed trapping mechanism [135]. Some simulations
have shown that the Marangoni convection can reverse when there are
many particles adhering to the bubble [131]. This reversal of the
Marangoni convection may also be present during unloading of cargo
inside our micro-tools. Most studies are done on unconstrained
Marangoni convection where there is a thin fluid film and the boundary
is only at the bottom or both top and bottom surfaces. For our micro-
tool, the fluid is practically constrained in all directions allowing only a
small opening for the cargo and for the continuity of fluid flow to hold
(i.e. top hole). Thus we expect nontrivial flow phenomenon that
warrants further investigation. At this point, it suffices to say that the
pumping action of the micro-tool is light-activated and to our knowledge
this functionality has never been demonstrated before in a light-
actuated micro-tool. Future work will explore new structure designs to
optimize control over the convection processes constrained within them
and even avoid ejecting particles out the top hole, which occasionally
happens in the current design (e.g., covering the top hole with mesh-like
features after metal deposition).
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Figure 5.10. Micro-robot as pump. (a) A relatively large
number of polystyrene beads (1 pm diameter) are
dispersed in the trapping medium, and the micro-tool is
used to collect them. (b) By changing the location of the
heating beam, the micro-tool can be used to eject the
captured particles by using the microbubble as a light-
controlled piston. Image is adapted from [130].

5.3. Summary

In this chapter we have presented an integration of optical
manipulation, two-photon fabrication and vapor deposition to create a
new category for the toolbox of light robotics. We have embedded thin
metal layers inside a plurality of light-driven micro-robots that enable
the conversion of incident optical energy to heat and eventually
hydrodynamic effects. Heating the metal layers generate thermal
convection currents that can be used to load and unload cargo. We have
demonstrated light-controlled pumping making each micro-robot
suitable for material transport. A potential application that can fully
utilize the capability of our new micro-robots is in drug delivery. Micro-
machined devices with modified surface chemistry and morphology
have already been successfully used in drug delivery [136]. Such devices
are fabricated with a standard lithography process and have a planar
geometry. However, using optically manipulated micro-sources can
provide much better spatial and temporal selectivity as shown by
experiments on cell stimulation via chemotaxis [137]. Such examples
motivate the idea of a structure-mediated approach in biological studies
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that use light-controlled, steered and actuated microstructures to
mediate access to the sub-micron domain. Light robotics is an excellent
candidate to realize these new functionalities in a fully flexible and
dynamic context. The structural design freedom in two-photon
fabrication can even adopt micro-needle structures that are commonly
used for transdermal drug delivery [138] as an approach to advanced
intracellular drug delivery.

Since the operation of our first batch of novel internally functionalized
micro-robots demonstrated here is based on photothermal heating,
resonant plasmonic structures can be readily integrated and used in
future light robotic tools for more efficient heating and wavelength
selectivity. The metal coating can be added on the spout of the micro-
robot and can also be heated up once in contact with a cell of interest. It
has been proposed in transfection experiments that heating of the cell
membrane induces phase changes in the lipid layer and thus allow entry
of foreign material. Our micro-robots do not preclude the possibility of
being loaded prior to introduction to the trapping medium thus it is also
possible to have micro-robots with different chemicals and perform
precise chemical stimulation not possible in a standard cell culture.
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6. Conclusion and outlook

Various methods and technologies can be integrated to build and control
optically-actuated micro-robots or light robots that can perform
specialized tasks. Microfluidics, plasmonics, optical manipulation and
fabrication have already found successful applications in their
respective areas. However, combining them not only presents new
challenges, but also new and exciting ways to enable disruptive
functionalities that would otherwise be difficult to realize by each sub-
discipline in isolation.

We have presented two types of micro-robots: one for light delivery and
another for material delivery. In both of these micro-robots we use
various techniques such as beam shaping for optical manipulation and
efficient illumination. Matter shaping is in the form of two-photon
fabrication that is used in fabricating the micro-robots. We have
successfully demonstrated targeted-light delivery in with our wave-
guided optical waveguides (WOWs). This is accomplished with the use
of holographic addressing and further improved with the Generalized
Phase Contrast method. The micro-robot for material transport uses
vapor deposition to embed a thin metal layer inside the body of the tool.
The purpose is to improve photothermal heating to generate convection
currents that can draw cargo in and out of the structure. The use of
photothermal-induced convection current as loading mechanism
overcomes the scaling of physical effects at small dimensions such as
adhesion. Simply miniaturizing a syringe will not work in this case. We
have successfully demonstrated that we can load and unload cargo using
optical means.

As part of an on-going work, preliminary studies on the interaction of
these micro-robots with live samples (e.g. yeast cells) has been made. To
see different trapping scenarios, we have placed both of them in the
same trapping medium. Our initial results suggest that they can coexist
and the micro-robots can mechanically perturbed living organisms (see
Figure 6.1)
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Figure 6.1. Light-driven micro-robots interacting with
biological samples. (a) A wave-guided optical waveguide
poking and delivering 532 nm light (filtered) to a yeast
cell. (b) A hollow micro-tool using syringe action to hold
a yeast cell in its spout.

Feynman envisioned many years ago independently controlled micro-
machines performing noninvasive in vivo surgery. There has been
interest in understanding diseases such as circulating tumor cells, which
are very rare in blood samples. Because of their rarity, bulk
measurement will average out the unique signature of this type of
cell [64]. Our micro-tools can work in plurality and even with other
micro-tools of different functionality to probe this single cell to
investigate cellular responses to spatially or temporally correlated
mechanical or chemical stimulation. The micro-robots presented here
demonstrate the possibility of realizing this application. The light and
matter shaping techniques used in this thesis are both very flexible,
which makes rapid prototyping of different structures tailored for
specific functionalities possible. We envision these micro-robots to be an
important addition to the current tools in understanding biology in the
micro-scale.
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7. Appendix

7.1. Parametric equations for 3D printing

The micro-robots presented in this thesis are fabricated using a
commercial two-photon polymerization (2PP) setup (Nanoscribe
Photonic Professional, Nanoscribe GmbH, Germany). The photoresist
(IP-L 780) is prepared over a microscope cover slip by drop casting. A
pulsed laser (780 nm, 140 mW average power, 100 fs pulse duration) is
used to induce two-photon absorption in the photoresist and creates a
solid voxel. The laser or the stage can be scanned in 3D in order to
“write” intended structures within the photoresist. In our particular
setup, we use a piezo stage to do the scanning. The scanning trajectory
can be set by the Cartesian coordinates that define our structures. In a
raster scanning approach, these coordinates are extracted by slicing
volumetric structure data from CAD software and then writing the
structure line by line, layer by layer, from bottom to top, until the
structure is fully printed. An alternative approach is to use directional
scanning where the trajectory is the contour of the structure itself. We
find that it is simpler to define our structure based on parametric
equations that give the coordinates in a sequential manner based on
some monotonically increasing parameters. As an example, consider the
hollow body of our micro-robot for material transport. It is based on the
surface of revolution of the so-called teardrop curve, which we
parametrized as

X = Acosd

y=[Bsingsin™ 10 +r cosg (7.1)
z=[Csindsin" 10 +r]sing
where A=20um, B=12 ym, and C =8 um. The parameters €= 0, 7

and ¢= 0,27 are sampled at 100 points within their respective range.

The sampling interval is related to the hatching and slicing distance in
the traditional raster scanning approach mentioned above. The radius of
the spout is set to r=3um and the taper towards the spout is
determined by the parameter m which we set equal to 5. A hole with a
diameter of 8 pm is left open on top of each micro-robot body for the
subsequent deposition of thin gold disk on the bottom inner wall by
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electron beam vapor deposition. A mask with matching hole (see Figure
7.1b) is fabricated on top of the micro-robot, held by support posts
anchored to the substrate, to expose only the target region while
shielding the rest of the micro-robot during the deposition process. For
the WOWs, the bent part of the waveguide is from a quarter of a toroid
followed by a series of straight lines for the rest of the waveguide and
finally terminating with a cone. The spherical handles for optical
trapping have diameters of 8 pm for both micro-robots.

In Figure 7.1a, we show a schematic of the micro-robot as it is being
fabricated on top of the glass substrate. Thin supporting feet below each
spherical handle ensure that the micro-robots are anchored firmly to the
glass substrate. These feet are made by fabricating closely spaced
vertical lines until they merge into a solid square bar with cross-
sectional area of 1 pm x 1 pm and has height of 9 um. This is important
to keep the micro-robots from floating during development but can be
dislodged easily during collection

The micro-robots are fabricated at 60% laser power and 50 pum s-1 while
the mask for the material transport micro-robot is set to 70% laser
power and 100 pm s scan speed. The chosen laser power and scan is a
good compromise between fabrication time and accuracy. The schematic
diagram in Figure 7.1a shows only a few support posts for the mask for
visual clarity but more are actually added for structural integrity and to
minimize warping during development (see the SEM image in Figure
7.1d). The mask is fabricated 20 um from the substrate to have sufficient
gap from the micro-robot since we want the mask and the micro-robot
to be separated during collection.

We are able to fabricate a 6 x 6 array of micro-robots for material
transport and mask in about five hours. Figure 7.1c shows a brightfield
image and Figure 7.1d shows a SEM image. The SEM image also shows
more details in the structure of the mask. The WOWs are fabricated in a
7 x 12 array in four hours. After two-photon exposure, the written
structures are developed in a bath of isopropyl alcohol for 15 minutes. A
second alcohol bath is done for the hollow micro-robots to ensures that
no photoresist remains inside.
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(b)
hole for metal
deposition

10 pm EHT = 2.00kV Signal A = SE2 StageatT= 400"
! WD = 7.7mm Mag= 336 KX Width = 81.03 pm

Figure 7.1. (a) Schematic diagram of the 2PP fabrication
of masks and micro-robots. They are fabricated on top of
a microscope cover slip. An offset is made to ensure that
the structure is anchored properly. (b) The hole on the
mask is seen when viewing from a different angle. This
hole exposes the target region where deposition will take
place. (c) Brightfield and d) SEM images of the fabricated
micro-robot.
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