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ABSTRACT

The study aims to formulate the production of 4-cyano-4’-pentylbiphenyl (5CB)
microdroplets within a suitable range to be optically trapped, to optically trap a single
5CB microdroplet in water within a suitable size range, to optically micro-control the
microdroplet using a circularly polarized laser, and to quantitatively determine factors
affecting the optical manipulation of the microdroplet. 0.5 pL. 5CB was mixed with the
deionized water and sonicated to produce bipolar and radial 5SCB microdroplet
suspensions. The SCB microdroplet was observed under optical microscopy and its size
distribution was measured using ImagelJ, while its stability was measured using UV-
Vis spectroscopy. A linearly polarized laser beam of 976 nm wavelength was used to
optically trap a single SCB microdroplet in water at a specific laser power density. A
circularly polarized laser beam was used to optically trap a single SCB microdroplet to
study its orientation control, rotatability control, and simultaneous translation micro-
control. A single 5CB microdroplet was trapped and introduced to the
cetyltrimethylammonium bromide (CTAB) solution to study its visual internal
configuration change and optical signal. The finding shows that the size distribution of
5CB microdroplet suspension decreased with time. However, it was stable and
sustained in 1-hour monitoring. The SCB microdroplet could be linearly translated and
rotated, enabling the simultaneous translation-micro-control. The corner frequency (f)
and angular speed (w) showed an increasing trend with optical power density (P)
increment. Exposing CTAB solution to the trapped SCB microdroplet changed its
internal configuration from bipolar to radial, optical signal and displacement variance
(6%). In conclusion, the trapped 5CB microdroplet could be micro-controlled as a
microactuator while f,, w, and 02 measurements were characteristics of microdroplet-
based sensors. This study implies that the optical trapping of a single SCB microdroplet
in water has potential for prospective actuating and sensing applications.
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PEMANIPULASIAN OPTIK KUANTITATIF BAGI SATU MIKROTITISAN
4-SATANO-4’-PENTILBIFENIL TUNGGAL DALAM AIR UNTUK
APLIKASI PENGGERAKAN DAN PENDERIAAN

ABSTRAK

Kajian ini bertujuan untuk merumuskan penghasilan mikrotitisan 4-saiano-4’-
pentilbifenil (5CB) dalam julat yang sesuai untuk diperangkap secara optik, untuk
memerangkap secara optik satu mikrotitisan SCB tunggal di dalam air dalam julat saiz
yang sesuai, untuk memikrokawal mikrotitisan tersebut menggunakan alur laser
berkutub bulat, dan untuk menentukan secara kuantitatif faktor-faktor yang
mempengaruhi pemanipulasian optik mikrotitisan tersebut. 0.5 pL 5CB telah dicampur
dengan air ternyahion dan disonikasi dalam tempoh masa yang khusus untuk
menghasilkan ampaian mikrotitisan 5CB dwikutub dan jejarian di dalam air.
Mikrotitisan 5CB telah diperhatikan melalui mikroskopi optik dan taburan saiznya
diukur menggunakan Image] manakala kestabilannya diukur menggunakan
spektroskopi UV-Vis. Satu alur laser berkutub linear yang mempunyai panjang
gelombang 976 nm digunakan untuk merangkap secara optik satu mikrotitisan SCB
tunggal pada ketumpatan kuasa laser tertentu. Alur laser berkutub bulat pula telah
digunakan untuk merangkap secara optik satu mikrotitisan SCB tunggal bagi mengkaji
kawalan orientasi, kawalan kebolehputaran, dan translasi mikrokawalan serentak
mikrotitisan tersebut. Satu mikrotitisan SCB tunggal juga diperangkap dan didedahkan
kepada larutan setiltrimetilammonium bromida (CTAB) untuk mengkaji perubahan
konfigurasi dalaman secara visual dan signal optik mikrotitisan tersebut. Dapatan
menunjukkan bahawa taburan saiz ampaian mikrotitisan SCB berkurang dengan masa.
Akan tetapi, mikrotitisan tersebut stabil dan kekal dalam pemantauan selama 1 jam.
Mikrotitisan 5CB tersebut juga boleh diperangkap secara linear dan diputar,
membolehkan translasi-mikrokawalan serentak. Frekuensi penjuru (f.) dan kelajuan
sudut (w) menunjukkan trend yang meningkat dengan peningkatan ketumpatan kuasa
laser P. Pendedahan larutan CTAB terhadap mikrotitisan SCB yang diperangkap telah
menukarkan konfigurasi dalaman daripada dwikutub kepada jejarian, isyarat optik dan
sesaran varians (0?) mikrotitisan tersebut. Kesimpulannya, mikrotitisan 5CB tunggal
yang diperangkap boleh dimikrokawal sebagai mikropenggerak manakal pengukuran
f., w, dan o2 pula merupakan ciri-ciri penderia berasaskan mikrotitisan. Kajian ini
menunjukkan bahawa perangkap optik satu mikrotitisan 5CB tunggal dalam air
berpotensi untuk prospektif aplikasi penggerakan dan penderiaan.
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CHAPTER 1

INTRODUCTION

1.1 Research Background

The light radiation pressure exerts a force when it comes into contacts with a particle.
The force that arises from the light radiation pressure is called optical force. The optical
force was applied in an instrument called optical tweezers. Arthur Ashkin, the pioneer
of optical trapping, was awarded the 2018 Nobel Prize in Physics for his invention of
optical tweezers for biological applications (Goswami, 2018). Optical tweezers use a

strong, focused laser beam to confine the particle by benefiting optical force. Optical



forces mainly contributed to the pulling gradient force and pushing scattering force in

optical trapping.

It is possible to manipulate small objects in the range of micrometers or smaller
using light by optical tweezers (Malmqvist & Hertz, 1992; Pai, Zandrini, Mart, &
Bragheri, 2018). The intense focus laser beam creates an optical trap where it provides
non-contact micro-manipulation of a non-destructive technique of the trap particle.
Subsequently, optical trapping provides minimization of the sample flaw, especially
when handling soft and fragile particles like biological material. Optical trapping not
only provides manipulation of the trap particle but also provides several applications.
In the context of optical trapping applications, it is possible to conduct physical
measurements such as viscosity, stiffness, and elasticity for example, DNA, with the
help of polystyrene or silica probing (Buosciolo et al., 2004; Miillenbroich et al., 2013).
The study of the microparticle trajectory by the optical trapping is useful for
microrheological measurement (Aziz et al., 2015). These are the several applications

performed by the optical trapping.

Optical trapping is also used in the chemistry field. This process is called laser
trapping. Laser trapping application involves the system domain from quantum-scale
atom trapping to the micro-scale system (David et al., 2013; Neves et al., 2015). Laser
trapping shows a novel potential for light-matter interaction in molecular systems by
triggering nucleation-induced crystallization growth and supramolecular assemblies
(Sugiyama et al., 2012; Supian et al., 2010). Figure 1.1 (left) illustrates the laser

trapping principle, while Figure 1.1 (right) illustrates the trapping assembly of



nanoparticles, polymers, and molecular clusters. The red parabolic line represents the

optical potential energy in the sample.

Figure 1.1. (Left) Laser trapping principle. (Right) Schematic representations
for the trapping and assembly of nanoparticles, polymers, and molecular clusters.
[Adapted from (Sugiyama et al., 2012).

The application of laser trapping can be classified into Just trapping, Extended
trapping, and Nucleation and Growth. The “Just trapping” refers to the laser trapping
of polymers that occurs within the laser spot size in the range of ~ 1 um. The “Extended
trapping” of polymer chains can occur within a few to several tens microns beyond
laser spot size due to the nature of the polymer, for example, due to intermolecular
interactions. Lastly, in the context of nucleation and growth, nucleation is
induced, resulting in a large crystal scale from several ten microns to a few millimeters.
The extension of optical trapping beyond just trapping capability has opened a new

direction in molecular control using light.



Recently, the optical trapping has shifted from trapping solid matter to soft
matter, such as liquid crystals. Liquid crystal has unique properties where it co-exists
in between solid and liquid states, anisotropic, birefringent, and sensitive to electric and
magnetic fields (Brasselet & Juodkazis, 2009; Phanphak et al., 2014). Optical trapping
of the liquid crystal can be performed in the form of a liquid film or a microdroplet
(Brasselet, 2008; Brasselet et al., 2003). Interestingly, liquid crystal obtains
multiple domain configurations, such as nematic, smectic, and cholesteric, which are
sensitive to the light polarization state (Brasselet & Juodkazis, 2009). 4'-Pentyl-4-
cyanobiphenyl (5CB) is one of the most attractive nematic liquid crystals (NLC) as
it exhibits liquid crystal properties of nematic phase domain at room temperature (18—
35°C) (Hanemann et al., 1995). Therefore, 5CB is a suitable model
compound to study the physical behavior of simple nematics. Figure 1.2 shows the

chemical structure of 5CB.

Figure 1.2. 5CB chemical structure. Adapted from (Yeng, Ayop, & Sasaki, 2022).

The dispersion of liquid crystals with an immiscible solvent such as water
creates liquid crystal droplets. For example, SCB produces a nematic liquid crystal
droplet in water. In droplet form, the nematic liquid crystal has a unique internal
configuration. Internal configuration refers to the domain alignment within the nematic
liquid crystal droplet. The internal configuration can be controlled by surface

modification with a surfactant. Tailored polarization of light can manipulate a single



nematic liquid crystal microdroplet (Usman et al., 2011). Figure 1.3 shows an example

of the internal configuration of a nematic liquid crystal microdroplet.

Figure 1.3. Liquid crystal internal configuration inanematic liquid crystal
microdroplet (a) bipolar and (b) radial. Observation under cross-polarization view
[Adapted from ((Brasselet & Juodkazis, 2009)].

Optical trapping of nematic liquid crystal microdroplets is possible when
the refractive index of the dropletis larger than the surrounding refractive index.
Instead of using solid silica and polymer particles, an optically engineered liquid crystal
microdroplet is flexibly shaped, allowing rotational control when exposed to the light
polarization during optical trapping (Pai et al., 2018). This proposed study will
help to design microfluidic devices that integrate liquid crystals as optically controlled
microactuators in water filtration devices, lab-on-chips, liquid crystal-based sensors,

or new technologies.

As sensitive sensors, liquid crystal droplets are indispensable in environmental
and biomedical science (Niu et al., 2016). This is because liquid crystal droplets are a

potential optical, biological sensor due to high birefringence and high sensitivity of



liquid alignment of liquid crystal molecules to minute variation on the surface.
Molecular events occurring at an interface between liquid crystal and water can be
amplified and converted into electrical signals by the change in orientation of liquid
crystal molecules, which are visible to the naked eye under a polarizing microscope
(Niu et al., 2016). The liquid crystal-based sensor can detect proteins, nucleic acids,
acetylcholine, glucose, enzymes, cholic acid, antibodies, and other molecules during

sensing application.

1.2 Problem Statement

Optical tweezers are commonly used to trap and manipulate particles in a liquid. For
example, most microscopic biological particles must be trapped within the liquid.
Recent studies showed that microparticles in liquids can form two-dimensional
structures by laser guidance (Kudo et al., 2016; Shih et al., 2021; Wu et al., 2018).
However, it was experimentally successful with gold nanoparticles and polystyrene
beads, even if the theoretical explanation of the observed phenomena is
not yet mature. One hypothesis states that the lattice-like arrangement is due to light
propagation through the dielectric properties of the trapped particles. Liquid crystals
can have both solid-like and liquid-like properties. The magnetic, electrical, and optical
methods can control the internal configuration inside the liquid crystal droplet. The
physical properties of liquid crystals depend highly on the alignment of liquid crystal
molecules in a closed cell. The study of optical trapping utilizing light propagation

catalyzes new pathways in the assembly, manipulation, and crystallization



of microparticles, nanoparticles, supramolecules, and soft matter, as anticipated in this

study.

The previous researcher reports that the general formulation of nematic liquid
crystal microdroplet production thus leads to a reproducibility problem (Choi et al.,
2015; Juodkazis et al., 1999; Lee et al., 2015; Murazawa, S. Juodkazis, 2005; Suga et
al., 2018; Z. Wang et al., 2020). There are no specific formulations, recipes, or
technical reports to prepare nematic liquid crystal microdroplets. The reported nematic
liquid crystal microdroplet was relatively large (>10 pm) (Duan et al., 2019; Kiang-Ia
et al., 2021; Shechter et al., 2020). The nematic liquid crystal microdroplet must be a
small, miniaturized version of the liquid crystal-based probe. The bigger liquid crystal
microdroplet is inert with a small optical force in optical trapping application. The

smaller probe can increase surface volume sensitivity for sensing applications.

Furthermore, although previous researchers reported optical trapping of a single
nematic liquid crystal microdroplet, they only reported qualitative observation
of nematic liquid crystal microdroplet trapping by studying the behavior of the trapped
liquid crystal microdroplet under light polarization (Phanphak et al., 2014; Shechter et
al., 2020; Usman et al., 2013). No study quantifies the change inthe internal
configuration of the nematic liquid crystal microdroplets in terms of optical signal but
instead just observing the changes visually (Murazawa, Juodkazis, Matsuo, et al., 2005;
Shechter et al., 2020). The study of the optical stiffness of nematic liquid crystal
microdroplets based on the optical which is relevant for evaluating the strength of the

optical trap, is also not reported. Hence, there is a lack of information on the trend of



optical stiffness with exposure to different optical power densities and microdroplet

sizes for soft matter optical trapping.

In addition, the optical manipulation of the liquid crystal microdroplet has been
reported on the dynamic behavior when the laser polarization state used is varied (Saito
& Kimura, 2022). However, there is no combination of simultaneous translational and
polarization control of liquid crystal microdroplet has been reported. This combination
is expected to enrich liquid crystal microdroplets for actuating application. In the
context of rotational study, the laser power used is larger, and the size of the
microdroplet is bigger, as reported by previous researchers. This becomes an issue
when the use of strong laser power tends to destroy the liquid crystal nematic phase,
and bigger microdroplets are challenging to actuate in tiny areas of actuation. Hence,
there is a requirement to reduce laser power and microdroplet size for actuating

application using liquid crystal microdroplet trapping.

The conventional liquid crystal-based sensor observes the transition liquid
crystal configuration without converting the changes into a quantitative signal, possibly
causing the false judgment when the liquid crystal microdroplet is smaller (Lee et al.,
2015; Niu et al., 2016). The existing liquid crystal-based sensor requires many large
liquid crystal droplet sizes for detection because the detection is based on the internal
configurational change of bigger microdroplets (Lee et al., 2015; Niu et al., 2016). The
current liquid crystal-based sensor applied a lasing technique to increase the detection
sensitivity by using only a single microdroplet. However, the microdroplet used for
detection is stuck on the glass slide or hung at the end of the micro syringe which causes

deformation in shape because of poor control, immobilize and bigger droplet size,



leading to a reduction in sensitivity (Duan et al., 2019; Duan, Hao, et al., 2020; Duan,
Li, et al., 2020). Determining the properties of liquid crystal-based probes is essential

for future use in microactuators and microsensors in liquids.

This study uses a nematic liquid crystal microdroplet solution. The challenge of
this study is to produce a nematic solution with a homogeneous size with a
specific internal configuration in the 5SCB microdroplet and quantifying the optical
manipulation of 5CB microdroplet due to the nature of soft matter. The molecular
alignment that determines the internal configuration is possible by inducing surface
modification of the microdroplets. Furthermore, this study develops the optical
manipulation of a single microdroplet for a liquid-crystal-based actuator and a liquid-
crystal-based sensor involving optical signal transition in a liquid-crystal configuration

with a quadrant photodiode (QPD).

1.3 Research Objective

This study aims to optically trap and manipulate 4-Cyano-4’-pentylbiphenyl (5CB)

microdroplets in water. The objectives of the study are:

1. To formulate the production of SCB microdroplets within a suitable range to be
optically trapped.

2. To optically trap a single SCB microdroplet in water within a suitable size range
using 976 nm laser.

3. To optically micro-control a single SCB microdroplet in water using a circularly

polarized laser.
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4. To quantitatively determine factors that affect the optical manipulation of the 5SCB

microdroplet for actuating and sensing applications.

1.4 Significance of Research

This research examines the optical trapping array of nematic liquid crystal
microdroplets. This research studies and observes the interaction of light with 5CB
microdroplets. It explains the physical interaction between SCB micro-droplets for non-

contact micro-actuators in liquid crystal-based sensor applications.

In addition, the importance of this research lies in the polarization control of
light using 5CB  microdroplets.  This  study hypothesizes  that light
polarization affects the capture of 5CB microdroplets as they are prone to a light
polarization state. Varying the laser polarization state used leads directly to a change in
the intrinsic configuration of the SCB microdroplet. The cross-polarization view and
electrical ~ signal from QPD  observe and detect intrinsic configurational

changes within the 5CB microdroplet.

Because liquid crystal is inherently birefringent, this study assumes that the
optical strength of 5CB microdroplet capture varies with the polarization state of the
capture laser at the same optical density. In addition, due to internal light loss and light
loss at the interface, it is expected that the optical strength is not constant for all 5CB

microdroplet sizes in the tuned range.
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The optical signal change of theinternal configuration of the 5CB
microdroplet is characterized in the context of corner frequency and optical stiffness
measurements. This finding is crucial for application in microactuators and sensor
applications. Determining optical stiffness is useful for precisely controlling liquid
crystal-based probe applications because optical stiffness shows the trend of the optical
trapping with respect to varied parameters such as laser power and microdroplet size.
Hence, the researcher can predict the suitable laser power and probe size for prospective
application. In addition, optical stiffness measurement results are expected to vary
for the internal configuration of bipolar and radial 5CB microdroplets. This finding
helps to precisely characterize the transient change of liquid crystal-based sensors
especially during the transitional change from bipolar to the radial internal
configuration of liquid crystal microdroplets, to determine the significant difference to
be applied for quantitative sensing mechanism, instead of observing them visually, in

the microsensor application.

1.5 Limitation of Research

This study focuses on SCB microdroplet trapping. The phase selected for trapping is
nematic. The single droplet in the nematic phase is optically captured. SCB is used as
the primary liquid crystal to produce a 5CB microdroplet. As already mentioned, SCB
exists as a liquid crystal at room temperature; Thus, it instantly creates SCB micro-
droplets in the water. Deionized water is chosen as the primary liquid for

optical capture. Other liquid crystals could exist as a pure solids or liquids at room
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temperature, which is unsuitable for producing microdroplets. Therefore, the

5CB is dispersed and homogenized in deionized water at room temperature.

The laser tweezers optically trap a single SCB microdroplet in water with a
radius of 0.6 um to 3.7 um. The 5CB micro-droplet radius of less than 0.5 um
is challenging to see clearly under the CCD camera due to the resolution limitation of
the optical tweezers. In addition, capturing more than one droplet at a time can be
problematic as it disrupts the S5CB optical signal. Subsequently, the internal
configuration of the 5CB microdroplets is focused on the bipolar and radial

configurations.

The optical trapping process of this experiment depends on the optical tweezers
OTKB(/M). Furthermore, the setup of the optical trap of this experiment depends on
the oil immersion objective lens (NA 1.25, 100x) and the optical resolution = of 500
nm. Optical resolution is the limitation of the instrument used to perform
optical capture. The laser power ranges from 0.2 MW/cm? to 7.3 MW/cm?. The lower
laser power is essential for capturing 5CB microdroplets sensitive to temperature
changes. Too much laser power severely destroys the nematic phase of the 5CB

microdroplet.
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1.6 Thesis Outline

This thesis  essentially ~ consistsof 5 chapters.  Chapter 1 provides
the background to the study and the direction and goal of the research. The central part

of this chapter is the problem and the research goal.

Chapter 2  deals withthe principle of optical trapping.  The
theory for calibrating the optical stiffness of the optical tweezers is presented. The
previous reports on the optical trapping of solid particles and liquid microdroplets are
presented. The introduction of liquid crystals, and the optical capture of liquid crystals
are also discussed. In addition, the use of liquid crystal microdroplets in actuator and

sensor applications is also described.

Chapter 3 describes the methodology of the research. The first part of the
methodology is the setup and alignment of optical tweezers. The second part involves
the preparation of the SCB microdroplet suspensions in water. The fourth part is the
optical trapping of the 5CB microdroplet in water using a linearly and circularly
polarized laser beam. The methodology's last part analyzes the distribution size and
stability of the SCB microdroplet suspension, the simultaneous translation and micro
control, the corner frequency, the angular velocity, and the displacement variance of

the captured single 5CB microdroplet.

In Chapter 4, the results of the conducted experiment are discussed. The 5CB
treatment generates the ultrasonic microdroplet and is observed under the optical

microscope. The distribution size and the stability of the 5CB microdroplet are
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presented. In addition, the effect of the linearly and circularly polarized laser beam on
the trapped S5CB  microdroplet is observed. The corner frequency
and angular velocity of the trapped SCB microdroplet are discussed. In addition, the
transitional change in the internal configuration of 5CB is quantitatively calculated and

presented.

Chapter 5 discusses the conclusion of the research findings on the

research findings. Finally, recommendations are givento improve and expand the

research for further studies.

1.7 Summary

This chapter presents the background of the study, the problem, the research goals, the

importance of the research, and its limitations.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

This chapter will discuss the theory of optical trapping to study the origin of the optical
force and how it interacts with matter. The theory of calibrating optical tweezers
and previous optical trapping onsolid particles and liquid microdroplets will
be discussed. In addition, the theory of liquid crystal and its history will also be
discussed. The previously described liquid crystals in microdroplets will be extensively
discussed. Finally, the use of liquid crystals in microactuators and biosensors will

also discuss be discussed in this chapter.
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2.2 Principle of Optical Tweezers

Optical tweezers are potent instruments to trap and manipulate particles using light.
Arthur Ashkin showed the motion of manipulated micron dielectric particles in water
by radiation pressure in the 1970s (Ashkin, 1997; Ribeiro et al., 2017). Optical tweezers
can hold and manipulate dielectric particles within Femto-newton to pico-newton force.
The process of manipulating a particle using a tightly focused laser beam is called
optical trapping. Controlling microparticle movement using light develops an
understanding of microparticles in physical and life science (Ribeiro etal., 2017; Zhang

et al., 2016). The principle of the optical trapping is shown in Figure 2.1.

Figure 2.1. Forces exerting on a colloid microparticle near a focused beam. Adapted
from (Konyshev & Byvalov, 2021).

Optical tweezers can trap a particle due to the optical force. Optical tweezers
form optical traps using an intensely focused laser beam to manipulate dielectric colloid
microparticles by exerting two types of forces, which are scattering (F;) and gradient

(F) as shown in Figure 2.1 (Konyshev & Byvalov, 2021). The scattering force results
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from the striking of photons on the particle along its direction of propagation. The
intensity gradient of light produces gradient force. For example, a Gaussian laser beam
has an intense beam in the middle of the laser spot, which indicates a strong gradient
force. The refraction and reflection of light resulted in the generation of gradient and
scattering forces. The change in light momentum occurs when the colloid microsphere
refracts the incident light. As a result, an equal and opposite momentum change occurs
inside the microsphere due to the conservation of momentum. In a condition where the
particle's refractive index is more significant than the surrounding medium refractive
index, the direction of gradient forces in the direction of the intensity gradient. It pushes

the microsphere toward the area of higher light intensity.

Meanwhile, the effect of light absorption and reflection by the trapped
microsphere resulted in scattering force in the direction of light propagation. The light
must be focused to produce a stable optical trap. Hence, the net forces always lead the
trapped particle toward the focused beam. When the particle displaces from the beam's

focus, the imbalance of the net forces will always pull the particle back to equilibrium.

2.3 Optical Trapping Regimes

Optical trapping behavior is classified into two typical regimes: Mie and Rayleigh
(Dienerowitz et al., 2010). The vital parameter, such as relative trapped particle size
(let it be the sphere with the radius () and the laser beam's wavelength (1), is used to

distinguish between Mie and Rayleigh regimes (Konyshev & Byvalov, 2021).
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2.3.1 Rayleigh Regime

In the context of the Rayleigh regime (r << 1), the size of the trapped particle (1) is
smaller compared to the wavelength (1) of the laser beam (Polimeno et al., 2018). Due
to this fact, the ray optics approach is not applicable to describe the trapping behavior
in the Rayleigh regime because of particle geometrical limitations. Nonetheless, the
Rayleigh regime needs electromagnetic theory to explain the force's interaction on the
trapped particle. In the Rayleigh regime, the trapped particle is considered a point dipole
(Neuman & Block, 2004). The laser polarization state causes the particle to induce a

dipole moment in the Rayleigh regime. The equation represents the scattering force (Fy)

in Rayleigh regime
Fo= lyony, (2.1)
s c
_ 128157 (m? — 1\ (2.2)
7T \mr+1

where [ is the light intensity, o is the scattering cross-section for photons, c is the speed

of light in vacuum, n,, is the refractive index of the medium, and m is the ratio of the

refractive index of the particle () to the refractive index of the medium (:—p) and A is
m

the wavelength of the light. The magnitude of the gradient force averaged over time is
mediated by the interaction of a dipole with the electromagnetic field and depends on
the refractive index of particles and polarizability («). The equation represents the

gradient force (Fy) in Rayleigh regime
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2
. CanaVIo 2.3)
m? —1 (2.4)
a=n27r3 <—>
™o \m?2+2

From equations 2.1 and 2.3, the light intensity and trapped particle size contributed to

the F; and F;.

The trapped particle polarization resulted in force interaction in the Rayleigh
regime. Hence, Rayleigh's regime shows more complexity to explain than the Mie

regime.

2.3.2 Mie Regime

In the Mie regime condition, (r >> A), the trapped particle size (r) is larger than the
wavelength (1) of the laser beam, optical pressure can be understood within the
framework of ray optics or geometrical optics (Tsuji et al., 2022). Mie regime describes
the optical force as uncomplicated, straightforward, and intuitive (Mas et al., 2011).
Mie regime describes the component of the optical forces using ray optics. The
geometrical optics approach pictures the forces involved in the optical trapping process
more efficiently and simply. In the geometrical optics approach, the refraction of light

contributes to the gradient force (F;) while the reflection contributes to the scattering

force (F;).
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Figure 2.2 (left) shows the gradient force acting on a spherical particle near a
non-focused laser beam. Ray b is more intense than Ray a. In the context of ray a, the
refraction of ray a and a’ cause the change in momentum (dp.) in positive x-direction.
This resulted in the weak force (-dp.) in the negative x-direction. Meanwhile, the
intense ray b also undergoes momentum change (dp») in the negative x-direction due to
the refraction. Meanwhile, this creates a strong force (-dps) in the positive x-direction.
The net force of (-dp., and —dpy) is toward the positive x-direction of intense light region
and contributes to the pulling gradient force (Fgraq). The scattering force () pushes the

spherical particle along the direction of laser propagation, as shown in Figure 2.2 (left).

Figure 2.2. The origin of the gradient force acting on a spherical particle near a non-
focused (left) and focused (right) laser beam. Adapted from (Konyshev & Byvalov,
2021).

Meanwhile Figure 2.2 (right) shows the origin of the gradient force acting on a

spherical particle of a focused laser beam. Rays a and b have the same intensity, and
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the spherical particle is slightly displaced away from the center of laser focus along the
positive y-direction. The refraction of @ and a’ cause the light momentum change (dp.)
in the negative x-direction. Hence, this also creates the reaction force (-dp.) in the
positive x-direction. Meanwhile, the refraction of rays b and b’ cause the light
momentum change (dps) in positive x-direction and create reaction force (-dps) in the
negative x-direction. This resultant reaction force of (-dp. and -dpy) creates a gradient
force that pulls the spherical sphere back to the laser focus in the direction of negative

y-direction, as shown in Figure 2.2 (right).

In the Mie regime, ray optics approximation explains optical, scattering, and
gradient forces. These optical forces, including the scattering component, can be
calculated directly from ray optics for a uniform dielectric sphere. Optical forces
depend on several parameters. For example, maximum trapping force depends on
controlling parameters like laser power (P), a refractive index of the medium (n,,) and

particle refractive index (n,), the numerical aperture of the objective lens (NA), the

wavelength of laser power (1) and others (Rui et al., 2021). Calculation of gradient and

scattering force in the Mie regime can be done based on Equations 2.5 and 2.6:

cos(26; — 26,) + R cos(26;) (2.5)
1+ R? + 2R cos(26,)

n,, P
F, = %x[l + R cos(26;) — T?

n, P _ cos(26; — 26,) + Rsin(26;) (2.6)
Fy = ——x[1+ Rsin(26,) 1+ R% + 2R cos(26,)

T and R represent Fresnel transmission and reflection coefficients, while 8; and 6,

represent incident and reflection angles, and c is the speed of light (Mas et al., 2011;
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Wright et al., 1994). Equations 2.5 and 2.6 show that the laser power (P) and relative
refractive index (n) contribute to the gradient and scattering forces. The refractive index
of particle, n,, also influence the trapping force despite not appearing in the equation.

The effective refractive index of the particle, n, is defined by Ashkin as the ratio

n . . . . . .
between n,, and n,, (n = —%). The increasing of n,, significantly increased n. For n in
P m o P

the range of 1.1 <n < 1.6, the theoretical calculation indicates the magnitude of Fj is
greater than or almost equivalent to F;. Also, in the case in which n increases to values
greater than 1.6, the theoretical calculation of the magnitude of F; is smaller than F;
(Ashkin, 1992). Optical tweezer calibration is compulsory before conducting a force-

related measurement. Different optical tweezers will have different optical stiffness.

2.4 Optical Stiffness Calibration of Optical Trapping

Optical stiffness is the measurement of how strong an optical trap is. The behavior of
the trapped particle is illustrated in Figure 2.3. Ideally, when a particle gets trapped in
an optical trap, it behaves like a Hookean spring with a certain radial displacement (1)
from a laser focus and optical stiffness (kr) is illustrated as ab imaginary spring. F; and
F; would interact together to produce restoring force (F,). In stable trapping, the trapped
particle vibrates forward and backward in the optical trap region. As the optical trap
behaves as a linear spring, the relation of radial optical stiffness, restoring force, and

radial displacement are

F = —kyr 2.7)



23

where k, is radial optical stiffness (Nieminen et al., 2014). From the equation, optical
stiffness is the proportionality constant of restoring force and radial displacement of the

trapped particle.

Figure 2.3. The F, is acting on the trapped particle due to slight displacement from the
laser trap center.

The optical stiffness depends on setting parameters like laser power and
wavelength, particle size and type, the numerical aperture of the objective lens, and the
refractive index of the medium and particle. The higher k; values represent the increase

of particle confinement in the optical trap and vice versa.

The previous researcher reported the trend of the optical stiffness concerning
the laser power and size of the parameter. For example, the typical optical stiffness for

a 3 um polystyrene bead trapped by a 975 nm wavelength trapping laser beam in water
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at varied laser power was reported (Aziz et al., 2016). Figure 2.4 shows the graph of
the trap stiffness of the 3 um polystyrene bead in water at different laser power. The
trap stiffness was calculated using the Equipartition Theorem (ET). As a result, the trap
stiffness increased as laser power increased for both the x-direction and y-direction in
the range of laser power used from 47 to 122 mW as illustrated in Figure 2.4. In another
study, the use of laser power from 0.2 to 0.5 mW showed an increasing trend of stiffness
of polystyrene active colloid (PSAC) trapping (Paul et al., 2022). There is no
information on the trap stiffness reported beyond 122 mW of laser power. It is expected
that the trap stiffness will increase with the increasing laser power applied as the
stiffness is proportionate to the laser power. In the range of 47 — 85 mW, the optical
trap is more confined in the x-direction and at 122 mW the optical trap is more confined
in the y-direction. The possible reason that causes this effect is the unsymmetry of the
laser spot due to geometric aberrations hence contributing to the unbalance of the

optical force on the trapped particle.

Figure 2.4. Linear graph of the trap stiffness versus beam powers (Aziz et al., 2016).
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Furthermore, the optical stiffness of 4.2 um and 8.0 um of sulfate-modified
fluorescent polystyrene beads were also studied (Mohammad et al., 2014). The optical
trapping of the polystyrene beads of different sizes was performed using a 1064 nm
trapping laser beam at different laser powers. Their reported optical stiffness was
determined using Power Spectrum Density (PSD), and the result was summarized in

Figure 2.5.

Figure 2.5. Trap stiffness as a function of laser power at the specimen plane, using the
passive stiffness calibration method based on the power spectral density (Mohammad
et al., 2014).

The small polystyrene bead of 4.2 um diameter obtained larger optical trap
stiffness than the 8.0 um size from 50 to 500 mW laser power used, as shown in Figure
2.5. The correlation between the trap stiffness and laser powers is linear up to the
trapping laser power of 504 mW, as shown in Figure 2.5. However, at higher trapping
powers, the uncertainty in the estimated stiffness values by the PSD calibration method
increases, with reduced sensitivity of the stiffness estimates to power increments and

deviation from a linear trend. The possible reason for the deviation of the linear trend
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is due to the laser heating effect when the laser power is used beyond 500 mW. The
solvent absorbs heat at higher laser power and significantly changes the solvent
viscosity (Catala et al., 2017; Peterman et al., 2003). Since PSD considers viscosity as
one of the vital parameters to calibrate stiffness, the increased solvent temperature due
to laser power (>500 mW) affects the stiffness, and this no longer follows PSD that

requires solvent viscosity to be fixed (Catala et al., 2017; Peterman et al., 2003).

In addition, the optical stiffness becomes more complex when the trapped
particle has soft and liquid physical properties. The effect of the laser power and size
on the optical stiffness was also investigated (Yusuf & Ayop, 2020). In his research,
the chloroform microdroplet in water was trapped by a 915 nm trapping laser beam at
different laser power densities, which were 6.3 MW/cm?, 7.4 MW/cm?> and 8.4
MW/cm?. The graph of optical stiffness against the size of the chloroform microdroplet

at varied laser power used is illustrated in Figure 2.6.
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Figure 2.6. The optical stiffness graph against the chloroform microdroplet’s size.
Adapted from (Yusuf & Ayop, 2020).

Based on Figure 2.6, the different sizes of the direct relationship between the
trap stiffness and the chloroform microdroplet size were difficult to deduce. k+ showed
the variation with the d of the microdroplet. One of the possible reasons for the scattered
plot of data was the shape of the microdroplets (Yusof et al., 2020). Since the particle
was liquid, the shape was not perfectly spherical. This would result in the variation of
measured k;. However, the laser power density affects the trap stiffness by taking the
average trap stiffness at the respective laser power density. For example, 8.4 MW/cm?
laser power has the highest average trap stiffness (3.34 pN/um), as the trap stiffness is
proportionate to the laser power used. Meanwhile, 6.3 MW/cm? laser power showed
the most negligible value of the average optical stiffness of 2.64 pN/um. The limitation

of this study is that the laser power density used was in the range of 6.3 to 8.4 MW/cm?.
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The trend of optical stiffness when the laser power is used less than 6.3 MW/cm? has

not been studied.

The optical stiffness of the solid particles has been well-reported compared to
the soft liquid particles. Besides, the existing equation was developed for a perfect
spherical shape and specific solid particles. Determining the optical stiffness of a liquid
microdroplet remains challenging. The possible reason is the complexity and the
softness of soft liquid particles to maintain uniform shape during optical trapping
specifically microdroplets (Yusof et al., 2020; Yusuf & Ayop, 2020). This is because
any slight force applied to the soft matter will significantly cause the deformation. This
small deformation might be invisible or visible under an optical microscope, but the
sensitive optical tweezers detect this deformation and translate it into stiffness
measurement. The trends of optical stiffness with laser power and size for microdroplets
is unclear and lacking due to complexity (Yusof et al., 2020; Yusuf & Ayop, 2020).
Hence, this factor affects the measurement of the optical stiffness parameter for soft

liquid particles such as droplets.

2.5 Optical Stiffness Calibration

Every optical tweezer system is unique. Each optical tweezer setup has the sensitivity
and stiffness of its optical trap (Aziz et al., 2016). A particle will always fluctuate in
Brownian motion. When it gets trapped, its motion approximates the harmonic

oscillator.
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The methods for quantification of the optical stiffness are numerous. Some of
the established methods are the equipartition theorem, Boltzmann statistics and the

power spectrum method (Baek et al., 2007; Wang et al., 2011).

2.5.1 Equipartition Theorem (ET)

ET states that the local temperature determines the particle’s kinetic energy (Eom et al.,
2014). The equipartition theorem uses the spatial distribution of the trapped particle
data in an available unit of length. This theorem assumes the trapped particle behaves
like a harmonic oscillator confined in potential, so average thermal energy can be

calculated. The average thermal energy is

E=—k,T (2.8)
The average square displacement in known unit length is expressed as
(0)? =< (x— xa,,g)2 > (2.9)

Based on the theorem, the potential energy of the trapped particle and the

average thermal energy can be expressed as an equation

1
L kaT = ks o7 (2.10)
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Therefore, we can determine the optical stiffness of the trapped particle by
analyzing the data on the spatial distribution of the trapped particle along known
direction and length.

TZ?L)Y; 2.11)
o

where kB is Boltzmann constant, 7' is temperature, k; is optical stiffness, x is the

displacement along the x-direction, x4, is the average of x-displacement and (0)?1is

the average time square of bead position along the lateral x-direction direction.

2.5.2 Boltzmann Statistics (BS) Theorem

Meanwhile, BS calculates optical stiffness based on the Brownian motion in an optical
trap's potential well. BS is way more complicated. k is determined from the quadratic
fit of optical trapping potential energy. The displacement histogram was plotted using
the spatial distribution data of trapped particles. Normalization is performed on the
histogram by integration under the graph area. The probability distribution, p(x) related

to the spatial distribution of optical trap trajectory is

p(x) = Ce‘,ﬁ’B(;f) (2.12)

where C is constant resulted from the normalized of histogram p(x) to provide a good

estimation of spatial probability density p’
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p'(x) = p(x)C (2.13)

The possible explanation of this method is due to the lower energy level of the
trap potential, U(x), particle in Brownian motion is positioned more frequently in it.

The trap potential energy can be expressed as

U(x) = =In(p'(x)) (2.14)

A quadratic fitting ax? + b near the trap's center is performed on U(x) =
—In(p(x)) to get a coefficient a. Since ax? =~ %kaz’ the approximation of optical

stiffness is determined from

kT = ZakBT (2.15)

Position data for ET and BS need video recording analysis or QPD (Neuman &
Block, 2004). However, the data must be calibrated in a unit of length, mainly when the
signal is acquired using QPD (Wang et al., 2011) The stuck bead method (SBM) is vital
to determining a signal-to-displacement calibration (Yeng et al., 2017). Figure 2.7

shows the illustration of bead sediment on the glass wall.

Figure 2.7. Illustration of stuck bead sediment at the glass wall.
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In SBM, the particle sticks to a glass wall. This condition is unsuitable for the
droplet as it might alter or change its uniform sphere shape. The liquid droplet will

remain spherical if no external force is acting on it.

2.5.3 Power Spectrum Density (PSD) Theorem

The PSD method can determine the optical stiffness calibration of an optical trap. This
PSD method uses the power spectrum of the movement of an optically trapped particle
to determine the optical stiffness. This study uses the PSD method to calculate the
optical stiffness of the trapped single SCB microdroplet in water. Compared to other
methods, the advantage of using PSD is that it does not require prior signal-to-length
calibration, even though it is algorithmically more challenging to perform. Einstein-
Ornstein-Uhlenbeck interprets the power spectrum of the trapped particle's Brownian
motion, which predicts a Lorentzian spectrum (Berg-Serensen & Flyvbjerg, 2004).
Displacement against the time signal is a standard signal obtained from the oscillating
system. However, a complex system such as OT might produce a mixed and ambiguous

signal. PSD analysis can help to eliminate distortion and disruption of signal.

A QPD can provide the power spectrum required for PSD analysis in optical
trapping. This voltage signal from QPD will be Fourier transform using signal analysis
software. Over damp Langevin equation of one dimension is required to calculate the

power spectrum of a trapped particle (Berg-Serensen & Flyvbjerg, 2004)
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dx(t)
dt

+ 2nf.x(t) = V2DW,t (2.16)

where x(t) is the position of the particle relative to the trap center, D is the diffusion
coefficient, W, t is the white noise, and f. is corner frequency. Optical stiffness kr is
related to the f. by equation

_ kr (2.17)
21y,

fe

where y, = 6mnr, n is a medium viscosity, and 7 is particle radius. f. definition is the
frequency where the particle in the optical trap no longer experiences the trap's effect

(Hegner et al., 2003). Equation 2.16 after the Fourier transform changed to

2n(f. = iHX(f) = V2DW(f) (2.18)

where X (f) and W, (f) is the Fourier transform of x(t) and W, (t), respectively. Square
modulus is applied to Equation 2.18 to produce PSD of particle motion, as stated in

Equation 2.16.

o D/(2m)? 2.19
B = X = fﬁ(+’?2 1)

Parameter f. determines the optical stiffness k1. The practical way to calibrate
an optical trap is by fitting the power spectrum obtained from the Fourier transform of

the trapped particle voltage signal (Berg-Serensen & Flyvbjerg, 2004; Garratt &
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Bachega, 2013; Neuman & Block, 2004). Previous researchers used f, to differentiate
healthy and infected red blood cells from malaria, interpret cluster sizes, and observe

local heating at laser spots (Yusof et al., 2020).

2.5.4 Comparison between Boltzmann Statistics (BS), Equipartition Theorem

(ET), and Power Spectrum Density (PSD)

The calibration of the optical force of the trapped particle can be measured using
Boltzmann Statistics (BS), Equipartition Theorem (ET), Power Spectrum Density
(PSD), and other calibration methods. The summarization of the comparison between

BS, ET, and PSD methods is shown in Table 2.1.
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Table 2.1

Comparison between Boltzmann Statistics (BS), Equipartition Theorem (ET), and
Power Spectrum Density (PSD) calibration.

Method Equipartition Boltzmann Power Spectrum
Theorem (ET) Statistics (BS) Density (PSD)
Requirement for Yes Yes Yes
spatial

distribution data

Requirement for Yes Yes No
signal data in
defined unit

length

Requirement for Yes Yes No
voltage to
displacement
calibration

k1 expression Ky = kgT kr = 2akgT kr = 2y, f-
(0)?

The method used to calibrate the optical trap depends on what type of particle
to be trapped. For example, measuring the optical force on rugged and solid particles
such as polystyrene beads and silica beads can be calibrated using ET and BS methods.
This is because polystyrene and silica beads can undergo an intermediate step, the stuck
bead method, to obtain position signal data in a defined unit of length. This step is
possible because their shape remains spherical and rigid when the polystyrene or silica

beads stick to the glass.
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In soft and liquid particles such as liquid microdroplets or biomaterials such as
cells or DNA, measuring the optical force requires the PSD method. For example, since
the liquid microdroplet is considered fragile and soft, it can deform easily and
instantaneously alter its spherical shape. Hence, the PSD method is the most suitable
method to calibrate optical force on soft matter and does not require position signal data

in a defined unit of length.

2.6 Optical Torque

In general, light carries momentum. This momentum can be transferred to the particle
during optical capture. The polarization of the light state has a significant impact on the
momentum that is transmitted during the optical capture process. The linearly polarized
light carries a linear momentum that causes the particle to be attracted to the higher-
intensity light gradient. If the polarizationis changed from linearly polarized to
circularly polarized, angular momentum can be transferred to the trapped
particle, causing the trapped particle to rotate. However, not every material can be
rotated by circularly polarized light. Birefringent material is the typical material that
reacts and rotates under circularly polarized light. An example of birefringent material

is liquid crystal.

In optical trapping, the essential components that convert linearly polarized light
to circularly polarized light are quarter-wave plates. The circularly polarized light
carries angular momentum transferred to the birefringence material during optical

trapping. The angular momentum of the circularly polarized light transferred to the
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birefringence material produced an optical torque. This optical torque causes the
trapped birefringence material to be rotated. The resulting light passing from the
birefringence material during the rotation of the birefringence material is linearly

polarized.

The optical torque resulting from the trapped 5CB microdroplet-induced
rotation can be related by balancing optical torque with the viscous torque from the
solution. When a droplet exhibits stationary rotation with frequency w, the optical
torque I' received from the laser beam is balanced by the viscous torque from the

solution as

I'=Dw (2.20)

where I is optical torque, D is the rotational drag coefficient (Stoke’s coefficient) D =
8mnr3 where 1 is liquid viscosity, 7 is microdroplet radius, and w is angular speed
(Murazawa, Juodkazis, & Misawa 2005).The final expression of Equation 2.20
becomes

I'=8mnriw (2.21)

The optical torque increased with the increasing optical power density used. The
angular speed of the rotating microdroplet is inversely proportional to the radius of the

rotating trapped microdroplet.
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The ellipticity angle ¢, of the laser beam, affects the optical torque. The linearly
polarized laser beam corresponds to ¢ = 0, and the circularly polarized beam
corresponds to ¢ = m/A4. The nematic liquid crystal droplet starts rotating, and v
increases with increasing |¢| if the polarization of the trapping beam approaches circular
polarization above a particular critical value |¢.|. The waveplate effect explains this

behavior. The equation represents the relationship between optical torque I at ¢

P
r= = [(1 — cosA) sin2¢ — sin A cos 2¢ sin 26] (2.22)

where P represents the laser power, @; trapping beam frequency, A is the retardance

2nAnd

represent by formula A = (An: birefringence, and A: the trapping beam

wavelength), Furthermore, 6 the angle between the polarization ellipse's central axis
and the object's optical axis (Saito & Kimura, 2022). The expression (1 — cos A) from
Equation 2.16 relates the spin angular momentum that rotates the object in the same
direction as the rotation for the elliptical polarization. The terms
(sinA cos 2¢ sin 20) describe the effect of alignment along the central axis of the

elliptical polarization, except if the incident beam is circularly polarized.

2.7 Cross-Polarization in Optical Tweezers

The cross-polarization view comprises two polarizers that are perpendicular to each
other. The material that exhibits birefringence traits is visible under the cross-

polarization view. Some researchers reported the use of a cross-polarization view to
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inspect birefringence material. The cross-polarization view was used to characterize
internal cavity modulation of corn starch microcapsule (SMC) in water at T = 60 °C
(SMC60), T =65 °C, (SMC65) and T =70 °C (SMC70) (Wulff et al., 2020). Figure 2.8
shows the microscopy image (top: brightfield, down: cross-polarized view) of native
corn starch granules and corn starch microcapsules (SMCs) at different temperatures in

water.

Figure 2.8. Microscopy images (top: brightfield, bottom: cross-polarized view
correspond to the identical exact particles) of native corn starch granules (a and e),
SMC60 particles (b and f), SMC65 particles (¢ and g), and SMC70 particles (d and h)
in water (Wulff et al., 2020).

The brightfield microscopy images show the swelling process from (a) to (d) as
the size of the particles increases when heated at higher temperatures when the particle
is thoroughly wet and in water. The cross-polarization view monitors the crystallinity
of the corn starch granules from (e) to (h). The cross-polarization view blocks light, and
the corn starch granule allows light to scatter due to birefringence properties, resulting

in the visibility under the cross-polarized view. The birefringence of starch granules
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diminishes from (e) to (h) as shown in Figure 2.8. The “Maltese cross” structure shows
the radial configuration representing high order inside the corn starch granules.
However, this birefringence loss is due to melting of crystallites due to heating. In
another experiment, the cross-polarization view was also used to differentiate flour
based on the difference in morphology of the “Maltese cross” of the starch of different

flours (Fernandez-Canto et al., 2023).

2.8 Optical Trapping of Solid Dielectric Particle

Optical tweezers create a trap spot that attracts and captures dielectric particles. In a
state where the spherical dielectric particles move freely in a liquid medium (water),
the trapped particles are confined within the trapping spot. In contrast, the free particle
keeps moving. Once the particle has been optically trapped, it can be moved in x, y,
and z directions by controlling the position of a linearly polarized laser beam. In
addition, converting the linearly polarized laser beam into a circularly polarized laser

beam can rotate the trapped particle.

Several researchers reported the observation of optical force by optical tweezers
on the trapped particle. One of the research presents optical tweezers with integrated
digital holographic microscopy (Patel et al., 2021). Figure 2.9 illustrates the developed

system's optical trapping and manipulation of the 6 um.
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Figure 2.9. the developed system's optical trapping and manipulation of the 6 um and
10 um (Patel et al., 2021).

The red and black arrows indicate the trapping and polystyrene beams'
movements. The trapping beam is immobile at t = 0 s, while the polystyrene beam is
moved freely in the solution medium. At t =1 s, the trapping beam moves towards the
free polystyrene bead. The polystyrene bead is attracted to the trapping beam at t = 1.5
s and t = 1.6 s. The polystyrene bead is in the middle of the trapping beam. As
observation time increases, at t = 2.5 s, the trapped polystyrene bead is confined at the
center of the trapping beam, and it follows the movement of the trapping beam in the
right direction. As the trapping beam moves to the left, the polystyrene bead remains
confined and follows the trapping beam movement at t = 12 and 14 s. As the trapping
beam movement was immobile, the trapped polystyrene bead remained at the center of
the trapping beam at t = 14.3 s. Experimental studies show that the optical trapping

system can immobilize and manipulate microparticles such as polystyrene beads.
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In another experiment, the effect of laser power and size on the optical trapping
of polystyrene beads in water was studied (Hamid et al., 2016). The study aimed to
measure the spatial distribution of the optically trapped microbeads by using different
lasers powers and different microbead sizes. In their experiment, two laser powers were
chosen to trap a single polystyrene microbead (1 to 3 um). The laser power used was

p1 =85 mW and p, =122 mW.

Figure 2.10. The graph of the x-axis position histogram for polystyrene microbead
trapped in water for (a) p; and p, , (Hamid et al., 2016).

Figure 2.10 shows the graph of the x-axis position histogram for polystyrene
microbeads trapped in (a) p; and (b) p,. There were three sizes of the polystyrene
microbead 1 pm, 2 pm and 3 pm were trapped in water at p; and p,. The histogram
peak was higher in Figure 2.10 (b) compared to the histogram peak in Figure 2.10 (a).
This indicated that the optical trapping force was stronger for the higher laser power
used, which was p,. The intense laser power pushed the trapped polystyrene bead closer
to the center of the laser trap and caused the mean position to become smaller, as shown
in Figure 2.10 (b). This highlights that the mean of the microbead position was closer

to the initial position (zero) when the laser power was higher. Based on Figure 2.10 (a)
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and (b), the histogram peak was higher for 1 um polystyrene microbead and lowest for
3 um polystyrene bead for both p; and p,. They also measure the effective lateral radius
Terr based on the histogram of the microbead position. The result highlights that the
effective lateral radius 7, ¢ increase with the polystyrene microbead sizes at the fixed
laser power used. In addition, the effective lateral radius 7.;; decreased with the
increasing laser power compared to the same polystyrene microbead size. This proved
that laser power significantly affects the strength of the optical force. The strength of
the optical force reduces with an increase in the polystyrene microbead. However, this
study only focuses on the trapping of polystyrene beads of range 1-3 um and 85-122

mW laser power. The behavior of the trapping is within this constraint.

2.9 Optical Trapping of Soft Liquid Microdroplet

Optical tweezers are capable of optically trapping a single liquid microdroplet.
Typically, the insoluble liquid forms a microdroplet in a dispersion medium (for
example, water) due to the insolubility factor and surface tension. The liquid
microdroplet can be optically trapped with optical tweezers if there is a refractive index
mismatch between the trapped liquid microdroplet and the surrounding medium. To be
precise, the refractive index of the liquid microdroplet must be greater than the
refractive index of the surrounding medium (Yusof et al., 2020). It is, therefore,
essential to ensure that the gradient force generated by optical tweezers is greater than
the scattering force. Thus, the liquid microdroplet can be trapped. Optical trapping of
the liquid microdroplet is challenging due to the liquid nature of the microdroplet. For

example, the shape of the liquid microdroplet can change, deform, or damage when a
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solid optical force is applied. This condition could affect the optical signal of the

trapped liquid microdroplet.

The former researcher studied the optical manipulation of a liquid microdroplet.
First, the quantitative optical trapping of organic solvents microdroplet optical trapping
was studied (Yusof et al., 2020). Organic solvents: ethanol, chloroform, and ethyl
acetate, exhibit low melting and boiling points, and optical trapping in a water medium
offers technical flexibility (Yusof et al., 2020). This experiment uses an infrared laser
beam with a wavelength of 915 nm as the primary trapping laser source. The laser
power densities used in this study for optical trapping are 6.3 MW/cm?. Figure 2.11
shows the optimal microdroplet count for optical trapping. Figure 2.12 shows the f. of
various microdroplet sizes at a 6.3 MW/cm? laser power density for 1,2-

dichlorobenzene, toluene, and chloroform.

Figure 2.11. The optimal microdroplet number for optical trapping (Yusof et al., 2020).
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Figure 2.12. f, for various microdroplet sizes at a 6.3 MW/cm? laser power density.
The eye guides are drawn to indicate the trend of the f. (Yusof et al., 2020).

Their study highlights that organic solvent microdroplet optical trapping was
possible (Yusof et al., 2020; Yusuf & Ayop, 2020). Figure 2.12 shows that f. plot is
scattered for microdroplet size from 2 to 3 um. The eye guides are drawn to show the
exponential decrease of f. trend when microdroplet size decreases despite with the
scattered plot. Hence, the size of the particle affects f,. at fixed k. However, this study
focuses on the f, trend specifically for microdroplet sizes ranging from 2 to 3 um and
at a fixed laser power of 6.3 MW/cm?. There is no information on the f, trend for
microdroplet size less than 2 um and at lower laser power used. In addition, this study

recommends using the correct physical properties of trapped particles with their
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environment, such as density, water solubility, and refractive index for organic solvent
microdroplet optical trapping. Despite that, the finding also highlights that optical
control strength varies with the size and density of the organic solvent microdroplet.
This finding shows that trapping a single organic solvent with optical tweezers is

possible.

In addition, it was reported that the airborne hydrocarbon droplets fabricated
from oil mist can be optical trapped (Taylor et al., 2005). This optical technique creates
a trapped environment using higher trap strength to confine single droplets from a mist
at the focal point. The droplet image was recorded by a CCD camera mounted for

inverted microscopy. Figure 2.13 shows the image of the trapped aerosol droplet.

Figure 2.13. The image of aerosol droplet optically trapped (a) 6.7 um and (b) 2.0 pm
(Taylor et al., 2005).

Figure 2.13 shows how the optical tweezers successfully capture airborne
droplets with a diameter of 6.7 um and 2.0 um. The trapped droplets in the air can be
used to study droplet interaction (Taylor et al., 2005). This study manages to capture

and control the size of air droplets by adjusting the depth of the laser focus in the sample
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chamber or by manipulating and merging multiple droplets. Although the study
presented manipulation and control of the captured airborne droplet, physical
measurement of the magnitude of the optical force required to capture a single airborne

droplet was not performed.

Optical trapping of a liquid microdroplet, such as an organic solvent, an aerosol
droplet, or an oleic acid droplet, is possible using optical tweezers (Aas et al., 2013;
Miura et al., 2020; Parmentier et al., 2021; Wei et al., 2019; Yusof et al., 2020; Yusuf
& Ayop, 2020). The stable trapping of microdroplets has been well reported, but the
measurement of optical stiffness has not been performed. Due to this fact, the
information on the optical stiffness of the microdroplet is still missing. Only limited
information has been reported on the optical stiffness of the microdroplet, for example,
the organic solvent (Yusof et al., 2020; Yusuf & Ayop, 2020). This finding underscores
that the f. and k; show the variation with laser power and microdroplet size. This leads
to difficulties in deriving the relationship between f. and k; with microdroplet size.
Compared to soft particle trapping with solid particle trapping, solid particle trapping
shows the precise relationship between f. and k (Aziz et al., 2016; Hamid et al., 2016;

Sarshar et al., 2014).

2.10 Liquid Crystal Introduction

Liquid crystal material is unique because it simultaneously exhibits liquid and crystal
properties (Prakash et al., 2020; Zeng, 2017). Liquid crystals flow like a liquid, while

their molecules are aligned crystal-like (Iwabata et al., 2013). A liquid is isotropic, and
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its molecules lack positional and translational order. In contrast, a crystal is a phase in
which the molecules are characterized by positional and translational order. The

molecule in a liquid crystal phase has partial positional and translational order.

Liquid crystal is an anisotropic liquid. Anisotropic liquids have properties
intermediate between liquid and solid crystals (Smalyukh et al., 2006). Liquid crystals
are anisotropic liquids because they flow like liquids. They are composed of anisotropic
molecules and exhibit long-ranging orientational order and varying degrees of
positional order (Smalyukh et al., 2006). Anisotropic liquid crystal has features that
make it easy to manipulate, such as rich elastic complexity, self-assembly in various
supramolecular structures, and fast response functions to electric and magnetic fields

(Lee et al., 2013).

For this reason, they have anisotropic physical properties such as refractive
index, dielectric constant, elastic behavior, or viscosity, to name just a few (Dierking &
Al-zangana, 2017). For example, the anisotropic liquid crystal has a unique double
index of refraction. They have birefringence, where light enters the sample and is split
into two parts. Both rays are oppositely polarized, travel at different speeds, and show

color effects when observed under polarizing filters (Prakash et al., 2020).

Due to the anisotropic properties of liquid crystals, liquid crystal molecules can
be controlled and manipulated by a specific technique. For example, LC molecules can
be aligned and manipulated using electric and magnetic fields (Mertelj & Lisjak, 2017;
Upadhyay et al., 2015). Furthermore, electric field (pyroelectric) (Merola et al., 2013)

and light (optical trapping) (Gleeson et al., 2006; Lee et al., 2013) are specific methods
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used to manipulate the internal configuration of birefringent nematic liquid crystal
nematic director and shape. Furthermore, due to their orientational elasticity, LC can
self-assemble and thus preserve topological defect structures, giving them the potential

for further use in modern display technologies (Prakash et al., 2020).

2.11 Classification of Liquid Crystal

The liquid crystal can be classified according to its molecular characteristics. The
standard molecular feature of liquid crystals is calamatic (rod shape) or discotic (disc
shape). The liquid crystal of calamatic molecular structure has a rod-shaped molecule.
Meanwhile, the discotic liquid crystal has disc-shaped molecular features. The

representation of the calamatic and discotic liquid crystal is shown in Figure 2.14.

Figure 2.14. The molecular features of calamatic and discotic liquid crystals (Shen &
Dierking, 2019).

The liquid crystal can be classified into thermotropic, lyotropic, and
amphotropic. Thermotropic liquid crystals have rod-like organic molecules,
demonstrating that phase transition to liquid crystal depends on temperature.
Thermotropic liquid crystal material obtains liquid crystal characteristics at specific

temperature ranges. Figure 2.15 shows the thermotropic liquid crystal characterized as
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nematic, sematic, and cholesteric according to the arrangement of molecules (Khoo,

2009; Kulkarni et al., 2021; Palffy-muhoray, 2007).

il

nematic smectic cholesteric

Figure 2.15. lllustrates the thermotropic liquid crystal molecules arrangement the in the
nematic, cholesteric, and sematic phases (Khoo, 2009).

A nematic phase is a common phase of thermotropic liquid crystals. The
molecules in the nematic phase lack order of position and are self-assembled in a
parallel, distant direction to each other, according to director n (Mirantsev et al., 2016;
Taylor et al., 2006; Wo et al., 2015). In addition, the direction molecules alignment of
the nematic liquid crystal is unique. The optical industry applied nematic liquid crystals
because of simple reorientation and uniaxial alignment. (Zeng, 2017). The axis of
nematic crystals is susceptible to external field perturbation, resulting in exceptional
light-scattering capability (Khoo, 2009). The nematic phase is recorded with a cross-
polarization microscope for optical characterization. The smectic phase of the
thermotropic liquid crystal takes place at a lower temperature. Its structure consists of
perpendicular distinguishable layers to the orientation of long-distance axes. The
smectic phase has a layer of structures n . In addition, n is oriented perpendicular to

the layer as in smectic-A or at an oblique angle as in smectic-C. A unique structure
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layer with appropriate molecule arrangement for every layer characterized the smectic

liquid crystal. In addition, orientation order of some degree in smectic liquid.

Next, the thermotropic liquid crystal in the cholesteric phase exhibits a helical
(chiral) structure where the absent of positional order with the present organized layer
(Khoo, 2009). The director, n, spiral around an axis with a pitch in the cholesteric phase.
The solid, smectic, nematic, and isotropic phases are ordered based on temperature

dependency.

Figure 2.16. The transition of the liquid crystal phase started from crystal to isotropic
due to the heating process (Dierking & Al-zangana, 2017).

Figure 2.16 shows the transition change of the liquid crystal phase started from
crystal to isotropic due to heating. Upon heating the crystalline state, smectic phases
such as smectic C and smectic A are preserved in a partial positional order and the
orientational order of a long molecular existence of often rod-like molecules with
continuous heating. However, the constant heating of smectic phases caused the loss of
positional order, transitioning to the nematic phase of only possess orientation order. In
the end, reaching the clearing point causes the loss of all liquid crystalline order,

resulting in an isotropic liquid (Dierking & Al-zangana, 2017).
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Lyotropic is another type of liquid crystal. The self-assembly of liquid crystals
forms lyotropic bilayers, micelles, and vesicles according to specific solvent
concentrations (Dierking & Al-zangana, 2017). The detergent (sodium decyl sulfate-
decanol water) (Liu et al.,, 2011), soap, and inorganic liquid crystals vanadium
pentoxide (V205) is the example of lyotropic liquid crystals in which either anisotropic
or surfactant molecules isotropically (Dierking & Al-zangana, 2017). Figure 2.17
illustrates the lyotropic phases' dependency on amphiphilic molecule concentration in
water or solvents. The amphiphile molecules disperse in the solvent in a condition
below the critical micelle concentration (CMC). However, at higher concentrations, the
amphiphilic molecules form micelles of various shapes, such as spherical, disc, or rod-
shaped, based on the molecule's shape. The micelles at concentrated solvent aggregate
into structural order and form an inverse-type hexagonal, cubic, or lamellar phase. The
phase diagram of the experiment is complex and primarily dependent on temperature

and concentration.

Figure 2.17. Schematic representation of the phase diagram of an amphiphilic
surfactant in an isotropic solvent that forms lyotropic phases. (Dierking & Al-zangana,
2017).
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2.12 Effective Refractive Index (1) of the Nematic LC

Liquid crystal molecules have birefringent properties. A single liquid crystal molecule
is modeled as an ellipsoid, as shown in Figure 2.18. Liquid crystal typically has two
indices of refraction. In general, for a given direction of propagation, the refractive
index can take two values corresponding to the fast and slow polarization of the beam.
In uniaxial crystals, one polarization is necessary perpendicular to the optic axis and
called ordinary polarization; the other, the extraordinary polarization, is orthogonal to
the ordinary polarization and the wave vector. Depending on the relative magnitudes of
the ordinary refractive index (n,) and the extraordinary refractive index (1, ), a uniaxial
crystal is known to be positively uniaxial (n, >n, ) or negatively uniaxial (n,<n,). As
the crystal orientation changes, the ordinary index of refraction remains constant, and
the extraordinary refractive index varies. In this case, the index ellipsoid is rotating, as

shown in Figure 2.18.

optical axis optical axis
n,

<

Hefr

(@ (b) I

Figure 2.18. Index ellipsoid for the case of uniaxial materials. (a) A plane perpendicular
to the wave vector defines the plane of the electric field components experienced (n,)
and (n.sr) (b) The effective refractive index n.sy can be calculated with a geometric
construction in the plane of incidence. Adapted from (Scharf, 2007).
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The ordinary direction of oscillation lies in the circular section of the indicatrix
(i.e., perpendicular to the optical axis) with a refractive index (n, ). Light moving along
the optical axis experiences exactly this refractive index, the ordinary refractive index.
The extraordinary direction of oscillation lies in the plane of the wavefront and
perpendicular to the ordinary direction of oscillation and has a refractive index (n.fy).

The value of n,zf is determined from the ordinary index of refraction and the principal

extraordinary index of refraction (n,) as follows. Consider a cross-section of the
indicatrix as shown in Figure 2.18 (b), which includes the optical axis and the

extraordinary direction of oscillation. The equation for this ellipse is

X2 Y_2 _q (2.23)
ng ni
For point P, it can be seen that X = n,¢r cos 6 and Y = n,¢ sin 6. Therefore
(neff cos 9)2 N (neff sin 9)2 _q (2.24)
ng ng
which directly to the equation of n, s,
Melo (2.25)

n =
e JnZ(cos 8)2 + n2(sin )2

which fulfills the definition of the effective refractive index.
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It is so interesting that liquid crystal molecules have a n,¢ value that changes
depending on the director orientation of the liquid crystal molecules on a flat surface or
the curve interface. Since optical force depends on the refractive index of the trapped
material, changing in the n,r of liquid crystal molecules is expected to affect the

optical force.

2.13 Nematic Liquid Crystal Internal Configuration

“Nematic” refers to the liquid crystal molecule arrangement in the typical thermotropic
liquid crystal. In this state, the molecules exhibit orientation order of the molecular long
axis without positional order of center of mass. As a result, the liquid crystal molecules
align with the average direction of the molecules represented by the director (7). The
control of director orientation at the surface or interface is the basis for all liquid crystal
applications. The careful selection of surface or interface is essential to enforce specific
orientation, which propagates over macroscopic distances within the material and the
LC confinement in a specific geometry. The easy axis determines the preferred
orientation of the director near an interface. Figure 2.19 defines zenith (¢) and azimuth

(p) angles counting from the z and x axes.



56

Figure 2.19. The schematic diagram of the zenithal (¢) and azimuthal (¢) definition
director angles to characterize the preferred orientation of a liquid crystal, set by
alignment (easy axis) on a flat surface. Adapted from (Esteves et al., 2020).

2.13.1 Flat Surface

The first type of interface forms between a liquid crystal and a flat surface, for example,
a solid (Esteves et al., 2020). In electro-optical application, the liquid crystal is
sandwiched between two treated glass substrates to produce preferential alignment, and
this template has been widely studied. The intermolecular interaction between the liquid
crystal and interface results from various techniques such as mechanical rubbing of
organic polymer-coated substrates, photoalignment (exposure to polarize light of
photoreactive alignment chemicals), oblique evaporation (usually SiO), and
particularly in the case of liquid crystal-assisted gas sensor formats, chemical
functionalization of the surface. Figures 2.20 (a) and (b) show the typical director

configuration of the liquid crystal molecules on a flat surface.
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Figure 2.20. (a) Planar alignment and (b) homeotropic director configuration of the

liquid crystal molecules on the flat surface. N is a vector orthogonal to the plane surface
and 71 is the director of the liquid crystal molecules. Adapted from (Esteves et al., 2020).

Figure 2.20 (a) shows the planar alignment since the liquid crystal molecules
that are close to the surface are aligned parallel to the surface (6 = 90°) while Figure
2.20 (b) shows the homeotropic alignment since the aligned liquid crystal molecules
perpendicular to the flat surface (6 = 0°). Changes in the director configuration of the
liquid crystal molecules also change the effective index of refraction of the liquid

crystal system for the planar surface.

2.13.2 Spherical Geometry

The second interface type is created by the confinement of liquid crystals in spherical
geometries, typically distributed within a second immiscible medium (Esteves et al.,
2020). The typical director configuration of the liquid crystal molecules due to the

spherical interfaces is shown in Figure 2.21.
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Figure 2.21. (a) The illustration of bipolar configuration because of planar anchoring,
(b) radial configuration because of homeotropic anchoring in droplet form. Adapted
from (Esteves et al., 2020).

The director alignment inside the liquid crystal droplet depends on the
interfacial and elastic balancing contributions to the free energy and droplet size.
However, the system's geometry cannot withstand continuous loading of the liquid
crystal (such as a combination of spreading, bending, and twisting) as dictated by the
anchoring conditions. Hence, the topological defects form and stabilize (or destabilize)
the configuration of the director. A starting point for determining the director profile
within a drop would be the anchoring conditions. Nematic droplets have a simple
topology where planar anchoring conditions result in the two-point defect at
diametrically opposite positions on the droplet's surface (boojums), called bipolar

configuration.

In contrast, the director field adopts a radial configuration for homeotropic
anchoring. Figure 2.22 (a) and (b) illustrate that the radial configuration has a central

point defect in the droplet's core called a hedgehog. Figure 2.22 (b) and (d) shows the
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homeotropic and planar anchoring of nematic droplets observed under bright field
microscopy. The bright-field microscopy can be used to visualize the hedgehog of the
core defect of the radial director. The position of the sample with the crossed polarizers
determines the bipolar and radial optical texture, as shown in Figure 2.22 (a) and (c).
Bright-field microscopy can be used to identify surface defects or boojums, as shown

in Figure 2.22 (b) and (d).

Figure 2.22. The snapshot of the polarized light microscopy images of nematic droplets
(a) radial and (c) bipolar. The snapshot of bright field microscopy of (b) radial and (d)
bipolar. The scale bar corresponds to 10 um. Adapted from (Esteves et al., 2020).

Various stable or metastable spherical geometry with various director
configurations have been reported. The intermediate spherical geometry is formed
between radial and bipolar configurations. The transition of radial to bipolar nematic
configuration is possible by adjusting the anchoring conditions. The change in the
director field was observed significantly from a bipolar nematic droplet during the
change of surface anchoring. The formation of a defect ring is observable in a plane
perpendicular to the boojum axis when boojums disappear. The shrinking of the ring to
a point defect located at one of the droplet poles. Then the homeotropic was observed

when the point defect moved into the core.
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2.14 4-Cyano-4’-Pentylbiphenyl (SCB)

One commonly used thermotropic liquid crystal is 4-Cyano-4’-pentylbiphenyl (5CB)
(CigHi9N). 5CB is used to study liquid crystal material because it exists in the nematic
phase at room temperature. It can be used as a suitable model compound to study simple
nematic physical behavior (Hanemann et al., 1995). At room temperature, SCB is a
nematic liquid crystal (Sengupta, Herminghaus, & Bahr, 2014). The high temperature
( T = 34°C) causes 5CB nematic phase to change to isotropic phase (Sengupta et al.,
2014). Conversely, the low temperature (T ~ 22.4°C) causes the 5CB nematic phase to

cool down to the crystal phase (Sengupta et al., 2014).

The thermotropic nematic liquid crystal molecules consist of a core and a side
chain (Iwabata et al. 2013). The core part (rigid body) of the SCB molecules provides
anisotropic properties and shape, and the side chain (flexible part) is responsible for

molecule flow and mobility. Figure 2.23 shows the 5CB molecular structure.

CH3(CH2)4 \—/ \—/ CN

side chain core part

Figure 2.23. 5CB molecular structure (Khoo, 2009).

Figure 2.23 shows the SCB molecular structure, which comprises a side chain

with two or more aromatic rings connected by linking groups and connected to an end
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group at the other end. The liquid crystals' properties, for instance, dielectric constants,
elastic constants, viscosities, absorption spectra, phase transition temperatures,
conductivity, and photosensitivity, depend on these molecular components (Khoo,

2009).

Related to the physical properties, the SCB water solubility is 0.07 mg/L
(Peddireddy et al., 2012). 5CB has two refractive indices called ordinary and
extraordinary refractive indices of 1.54 and 1.74 (Usman et al., 2013). The density of
5CB is 1.008 g/mL. The nematic phase is recorded with a cross-polarized microscope
for optical characterization. The SCB uniqueness is due to birefringent properties with
directed indices of refraction. Due to birefringence properties, the light imposed the
linear and angular momentum on the 5CB microdroplet, resulting in droplet

confinement and rotation.

Next, the internal configuration inside the SCB can be controlled or affected by
employing a surfactant unique to the study. The dispersion of 5CB creates
microdroplets in water that can be employed as microactuators and sensor probes.
Interestingly, thermotropic liquid crystal, especially SCB, is temperature-dependent or

temperature-sensitive.

2.15 Technique for Microdroplet Production

Liquid crystal, an incredibly thermotropic liquid crystal, disperses in water due to the

surface tension and forms microdroplets. The liquid crystal hydrophobicity property in
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the immiscible medium causes the formation of spherical droplets (Josue, 2012;
Murazawa, Juodkazis, Matsuo, et al., 2005; Niu et al., 2016). 5CB shows that liquid

crystals disperse in water and form tiny spherical microdroplets.

The preparation technique of the liquid crystal microdroplet can be from
vortexing, sonication, homogenization, and hand stirring and begin with the addition of
liquid crystal to an immiscible liquid, as shown in Figure 2.24 (A-D) (Concellén, 2023;
Wang et al., 2017). Typically, the mixture of 6 to 10 pL of liquid crystal with 2 ml of a
uniform aqueous/glycerol phase produces an emulsion of diluted liquid crystal droplets

with minimum coalescence initial to polymerization (Tadros, 2013).

Figure 2.24. Method of making liquid crystal droplets. A: Vortex LC in water. B:
Emulsifying liquid crystals using a homogenizer. C: Ultrasonic treatment of liquid
crystals in water. D: Emulsifying liquid crystal in glycerol. E: Encapsulation of liquid
crystals in polymeric microcapsules. F: Production of liquid crystal droplets using
microfluidics. Adapted from (Wang et al., 2017).
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Wang et al. (2017), reports the study on the relative merits of liquid crystal
droplet preparation methods for polymerization. They demonstrated a few techniques
to prepare liquid crystal microdroplets as polymerization templates. The method
illustrated in Figure 2.24 (A), quickly produces polydisperse-size liquid crystal
droplets. The vortex mixer generates a relatively large liquid crystal droplet, inefficient
for the viscous continuous phase like glycerol. Meanwhile, the liquid crystal droplet in
a diameter range of 1-50 um uses homogenizers (Figure 2.24 (B)), while manual
shearing generates 10 um or larger droplets. In addition, a small sample size as low as
~ 100 pL is suitable for the ultrasonic generator technique. The liquid crystal droplet of
~ 100 nm to 10 um is produced using an ultrasonic generator. Methods 2.24 (A-D)

resulted in a polydisperse liquid crystal droplet.

There is also a method that produces monodisperse liquid crystal droplets. The
encapsulation of the liquid crystal droplets in polymer capsules generates ~ 0.7 um to
10 um, as shown in Figure 2.24 (E). In addition, the use of microfluidic also generates
monodisperse liquid crystal droplets. For instance, Figure 2.24 (F) illustrates the
microfluidic system constructed from PDMS generating droplet diameter of 10 — 100
um. The disadvantage of using the microfluidic system is the complexity of avoiding

channel clogging and keeping channel walls hydrophilic.

2.16 Nematic Liquid Crystal Microdroplet Production

The production of liquid crystal microdroplets has been reported in previous studies

(Juodkazis et al. 1999; Shechter et al. 2020; Usman et al. 2013). Nevertheless, most
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studies provided general information about the formulation of liquid crystal
microdroplets rather than the specific approach used. Therefore, the generated
microdroplets can differ, leading to reproducibility problems. Most previous
researchers created a uniform liquid crystal microdroplet by either shaking or stirring
the liquid crystal mixture and deionized water. However, it was reported that liquid

crystal microdroplet size decreased with increasing stirring time (Niu et al., 2016).

Furthermore, some researchers dispersed the micron size droplet using
micropipette injection in the medium. It was reported that 1-2 pL of liquid crystal was
injected into ~ 1000 pL of polymer and produced well-separated microdroplets with
defined structures dispersed in polymer (PDMS) (Sofi & Dhara, 2019). It also reported
the fabrication of liquid crystal emulsion (E7-in water-emulsion) using high-pressure
homogenization at 8000 rpm for 1 minute using Ultra turrax homogenizer (Aery et al.,
2023). In another study, a polydisperse emulsion of liquid crystal droplet generation is
prepared by mechanically agitating in order to stabilize the individual liquid crystal

droplet forms (Oster et al., 2022).

The microdroplet size is poorly controlled using shaking or stirring techniques,
and the final product is usually inhomogeneous (Concellon, 2023). To avoid these
problems, some researchers used special techniques, such as a glass capillary microtube
connected to a pump-controlled microchannel to create and manipulate liquid crystal
microdroplets of the desired size (Duan et al., 2019; Wang et al., 2016; Yan et al., 2017).
For example, Yan et al. (2017), reported the preparation of nematic liquid crystal

microdroplets using an 8 pum diameter glass capillary microtube filled with NLC
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solution. As shown in Figure 2.25, the single NLC microdroplet with a diameter of 40

um was overhung at the end of the microtube (Yan et al., 2017).

Figure 2.25. An individual NLC microdroplet with a diameter of about 40 um overhung
out of one end of the microtube (Yan et al., 2017).

Likewise, Duan et al. (2019), reported the production of microdroplets using a
microtube connected to a syringe pump to disperse the SCB solution. Again, different
sizes of 5CB microdroplets were generated by controlling the injection speed and pump
operation time. For example, the microtube produced microdroplets with a diameter of

30 um to 80 um, as shown in Figure 2.26.

Figure 2.26. Micrographs of the stearic acid-doped 5CB microdroplets with different
diameters (Duan et al., 2019).

This microtubing technique has dramatically improved the control of liquid

crystal microdroplet production at a specific size. However, the droplet size is larger
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(Duan et al., 2019). The introduction of the microfluidic technique in generating
monodisperse liquid crystal microdroplets is helpful for size control; however,
obtaining smaller-sized microdroplets remain challenging (Deng et al., 2021). The
application of microfluidic in liquid crystal microdroplet involves the production of
monodisperse Potato Protein Microgel (PoPM), PoPM-stabilized liquid crystal
emulsion production of ~15 um size (Aery et al., 2023). Therefore, trapping relatively
large microdroplets in optical trapping measurements is difficult. In addition, the larger
droplet size associated with liquid crystal optical trapping requires more laser power
and could damage the internal configuration of liquid crystal. Hence, reducing the

microdroplet size is crucial in optical trapping applications.

2.17 Distribution Size by Using Mechanical Technique

The study of microdroplet distribution size investigation is essential to selecting
appropriate sizes of microdroplets formed for specific target applications. Each
microdroplet production technique produces a range of microdroplet sizes. The size of
the microdroplet distribution indicates the overall size of the microdroplets formed in a

sample.

The production of 4-cyano-4-pentylbiphenyl microdroplets dispersed in
Sodium Dodecyl Sulfate (SDS) and Phosphate Buffer Saline (PBS) solution was
reported (Niu et al., 2016). According to Oscar's report, droplets in a critical state should
fragment from a large to a small size (Sotolongo-Costa et al., 1996). In the formation

of liquid crystal droplets, the size of the liquid crystal droplets depends on the stirring
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time when mixing. Figure 2.27 (a)—(e) shows polarization optical microscopy images
of 5CB droplets with a different stirring time of 6 s, 60 s, 120 s, 180 s, and 240 s, where
the stirring speed is 600 rpm, and the volume ratio of LC and SDS is 1:15. Figure 2.27

(f) shows the different diameters obtained under different stirring time.

Figure 2.27. Polarization optical microscopy images of SCB droplets with different
stirring times (a) 6 s; (b) 60 s; (c) 120 s; (d) 180 s; (e) 240 s; (f) relationship of the
average diameter of droplets formed with stirring time. Scale bar: 500 um. Adapted
from (Niu et al., 2016).

Based on the observation of the formed 5CB microdroplet, the stirring time
impacts the size of the 5SCB microdroplet. As the stirring time increased, the size of the
5CB microdroplets formed decreased. The average size of the SCB microdroplet
generated by the stirring method ranges from 60 um to 250 um, as shown in Figure
2.27 (f). Although the stirring technique can reduce the size of the SCB microdroplets
by increasing the stirring time, the stirring method produced a significantly large SCB
microdroplet size. In addition, the 5CB microdroplet was generated in the PBS solution
and not in the water. In optical microdroplet trapping, the stirring technique is
unsuitable for the trapping application because the larger SCB microdroplet is inert with

the weak trapping force of optical tweezers.
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Apart from that, the effect of ultrasound time on particle size is studied
(Asadinezhad et al., 2019). The nanoemulsions (orange oil, sunflower oil, and
surfactant) are prepared by a combination of low-energy (spontaneous emulsification)
and high-energy (ultrasonic emulsification) methods. In short, Asadinezhad et al.
(2019), used emulsification and ultrasonic methods together to create a nanoemulsion.
The combination of techniques produced a nanoemulsion in the 70 nm to 130 nm range
based on the graph of mean droplet diameter versus ultrasound time shown in Figure
2.28. Examining the trend in mean droplet diameter versus ultrasound time in Figure
2.28 is fascinating. The mean droplet diameter decreases from 0 minutes to 10 minutes
of ultrasound application. This indicates the breaking and splitting of particles due to
the ultrasonic energy. The previous studies typically showed a decreasing trend in mean
particle size with ultrasound time, but not as reported by Asadinezhad. They found that
the mean droplet diameter increased when the sonication time exceeded 10 minutes.
The possible explanation is that the smaller droplets merge and grow into the larger
droplets. This study trend is helpful in predicting the distribution size of nanoelmusions
of oil-based material. However, it is but not comparable to the liquid crystal-based

material due to differences in their physical properties.
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Figure 2.28. The resulting mean droplet diameter (MDD) and polydispersity index
(span) from different ultrasonic times of nanoemulsions. Adapted from (Asadinezhad
etal., 2019).

In another experiment, Adamow et al. (2017), reported an investigation to
prepare different emulsions of liquid crystal and polyvinyl alcohol (PVA) with a
different size distribution of liquid crystal domains depending on the time of exposure
to ultrasonic waves during homogenization (Adamow et al., 2017). In short, Adamow
et al. (2017), successfully introduced a technique to generate different emulsions of
liquid crystal and PVA with different size distributions of liquid crystal domains
depending on the exposure time of ultrasonic waves during homogenization. The 10-,
15-, 20- and 30-minute ultrasound exposure resulted in 34.17, 8.53, 8.13, and 4.79 um
of liquid crystal microdroplet diameter. Their result shows that the average diameter of
the microdroplets decreases significantly with exposure time, as shown in Figure 2.29.
The range of liquid crystal microdroplets generated was between 4.79 um and 34.17
pum. Although the distribution size was measured throughout the study, the liquid
crystal microdroplets generated were larger. The liquid crystal microdroplet generation

process involves PVA, water, and dye mixtures of different physical quantities. Too
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many mixtures mixed could be the reason the microdroplets formed are larger. It would
be helpful to find the distribution size of pure liquid crystal in water without chemicals
or dye to obtain the primary size of the liquid crystal microdroplet sizes. The limitation
of this study is the unclear trend of average microdroplet diameter from 0 to 10 minutes
of exposure time. Hence, it is challenging to estimate the average microdroplet diameter

at a shorter sonication time.

Figure 2.29. The average droplet size is a function of exposure time on ultrasounds.
Adapted from (Adamow et al., 2017).

In addition, the effect of the ultrasonic time on the gelation emulsification was
investigated (Li et al., 2023). The different sonication times of 0, 3, 6, 9, 12 and 15
minutes of 20 kHz and 400 W were applied to the gelation emulsification process.
Figure 2.30 shows the graph of particle size of gelatin emulsion treated with different
sonication times. The particle size of the gelation emulsion before ultrasonication was
10.57 um. The particle size of the gelation emulsion decreases as small as 5.92 um at
12 minutes and increases to 6.15 pum at 15 minutes. The possible explanation for the

increase in the particle size of the gelatin emulsion is the aggregation of droplets into
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larger droplets due to mechanical vibration turbulence of the dispersed phase into the
continuous phase (Li et al., 2023). The limitation of this study is that the estimation of
particle size trend beyond 15 minutes is unclear. The particle size trend might be useful
for gelatin-based material but not suitable to be compared with liquid-crystal-based due

to the difference in physical characteristics.

Figure 2.30. The particle size of the gelation emulsion was treated with different
sonication times. Adapted from (Li et al., 2023).

2.18 Microdroplet Internal Configuration Modification

The liquid crystal can generally be prepared in thin film or microdroplets (Loussert et
al., 2013; Sen et al., 2013; Skarabot et al., 2014). Several studies have highlighted that
liquid crystals form a spherical droplet in immiscible liquid due to their hydrophobicity

(Josue H., 2012; Murazawa, Juodkazis, Matsuo, et al., 2005; Niu et al., 2016). Besides
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discussing the technique to control the size of the liquid crystal microdroplet generated
in water, it is also interesting to control and modify the internal configuration inside the
liquid crystal microdroplet. The liquid crystal microdroplet can take on various internal
configurations. The stable internal configuration of the liquid crystal microdroplet is
bipolar and radial. The intermediate internal configuration phase is monopolar,

preradial, and others.

The study focuses on stable liquid crystal microdroplets with bipolar and radial
internal configurations. The liquid crystal molecules inside the microdroplet are
rearranged into a preferred configuration depending on surface modification or
chemical interaction at the microdroplet interface. The fabrication of the liquid crystal
microdroplet is simple but not straightforward. Liquid crystal samples, suspending
media such as water, and surfactants are required to produce liquid crystal
microdroplets with a specific internal configuration. Conversely, liquid crystal
microdroplets with a bipolar internal configuration can be generated by mixing

deionized water and liquid crystal.

One of the most common stable internal configurations of liquid crystal is the
bipolar. A bipolar internal configuration of the liquid crystal results when the liquid
crystal is dispersed in deionized water. No surfactant is required to prepare the liquid
crystal having a bipolar internal configuration. The fabrication of the liquid crystal
microdroplet with bipolar internal configuration is a straightforward and fast process.
The bipolar internal configuration of the liquid crystal microdroplet can be examined

under a cross-polarization view.
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The other stable state of the internal configuration of the liquid crystal
microdroplet is radial. The deionized water and additional surface modification by an
additional surfactant are required to generate radially configured liquid crystal
microdroplets. The function of the surfactant is to disperse the liquid crystal
microdroplet and radially induce the internal configuration within the liquid crystal
microdroplet. The surfactant is often used to fix the internal configuration inside the
liquid crystal microdroplet. Various types of surfaces are available to anchor and
generate radial liquid crystal microdroplets. Examples of surfactants that generally
produce a stable liquid crystal droplet formulation are the neutral (ethoxylate derivative
of sorbitan monolaurate, Tween 20), anionic (sodium dodecyl sulfate, SDS), and
cationic (hexadecyltrimethylammonium bromide, CTAB) surfactants (Murazawa,
Juodkazis, & Misawa, 2005). The controlled surfactant concentration must create a
perfect internal radial configuration to achieve the internal configuration of liquid
crystal microdroplets. The surfactant concentration can vary for different surfactants
that produce radial liquid crystal microdroplets. Researchers have reported different
surfactant concentrations used to achieve the internal configuration of liquid crystal
microdroplets internal configuration (Murazawa, Juodkazis, & Misawa, 2005; Shechter
et al., 2020). Figure 2.31 illustrates the dependence of the SDS concentration on the LC

microdroplet configuration.
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Figure 2.31. Concentration-diameter phase diagram of the S5CB liquid crystal droplets
as a function of droplet diameter and SDS concentration. (a) All configurations, (b)
bipolar, (¢) monopolar and (d) radial are collectively represented (Shechter et al., 2020).

As shown in Figure 2.31, the liquid crystal microdroplet's specific orientation
or internal configuration is triggered when the SDS concentration changes. For
example, at an SDS concentration of 600 uM, all microdroplets were radial, while at an
SDS concentration of 200 uM, bipolar and monopolar microdroplets were observed.
The effect of surfactant on the internal configuration formation inside liquid crystal
microdroplet was also extended to a surfactant and amphiphilic molecules such as PEG-

P10 surfactant to reverse the configurational change process (Oster et al., 2022).

Figure 2.32 depicts the probability of bipolar and radial droplet production
based on the CTAB concentration used. The internal configuration inside the LC
microdroplet was bipolar for CTAB concentration below 4 uM. In the region between
4 uM to 10 uM CTAB concentration, the small and big LC microdroplets demonstrated
bipolar and radial internal configuration, respectively. Meanwhile, the LC microdroplet

yielded a radial configuration as the CTAB concentration increased beyond 10 pM.
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These findings revealed the need to control the surfactant concentration to produce
microdroplets with a specific internal configuration. It was reported that the critical
micelle concentration (CMC) of CTAB is 13 uM (Murazawa, Juodkazis, Matsuo, et al.,
2005). Hence, the surfactant concentration used must be higher than the CMC value to

trigger the bipolar 5CB to change to radial SCB.

Figure 2.32. (a) Probability of a SCB droplet having the internal radial alignment versus
the concentration of cationic surfactant, SCB internal configuration (b) radial and (c)
bipolar (Murazawa & Juodkazis, 2005).

2.19 Nematic Liquid Crystal Microdroplet Study Stability

The stability of the microdroplet study is critical to ensure that the microdroplet keeps
its shape, spreads evenly, does not sink to the bottom, and coagulates with others, thus
maintaining the number of microdroplets throughout the experiment. In the meantime,
it is also essential to estimate how long the microdroplet can be sustained in the

suspension of the study sample suspension. The stability of the microdroplet can be
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observed visually under the imaging microscope (Aery et al., 2023; Sofi & Dhara,

2019).

According to Aery et al., (2023), bare (E7, a type of liquid crystal) E7 emulsion
in water generated from high-pressure homogenization was unstable with low shelf life
where liquid-crystal droplets lasted for 15 minutes. It separated from the emulsion, as
shown in Figure 2.33. However, this stability measurement is limited to observation

and is not quantitative.

Figure 2.33. Visual image of bare E7 emulsion immediately after preparation (a), after
storage 15 minutes and (c) 30 minutes respectively. Adapted from (Aery et al., 2023).

The stability of the liquid crystal microdroplet can also be verified under an
optical optical microscope (Sofi & Dhara, 2019). Figure 2.34 shows the time variation
of 5CB microdroplet diameters in PDMS. In PDMS, the droplet diameter decreases
rapidly non-linearly. For example, the 70 pm microdroplet reduces to 10 um in 2 hours
represented by the red dot in Figure 3.24. Other microdroplet size follows the same

trends. This trend indicates the instability of droplets in the PDMS medium.
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Figure 2.34. Variation of the diameter of SCB microdroplets with time dispersed in
PDMS. (Inset) Polarized optical microscope image of microdroplet with defects.
Adapted from (Sofi & Dhara, 2019).

This study provides a qualitative method to determine liquid crystal stability by
monitoring the diameter change over time. The limitation of this study is that it depends
on the visual observation under a polarized optical microscope and is not quantitative.
In addition, the 5CB microdroplet is dispersed in PDMS. The 5CB microdroplet
stability might be different in water. There is a need to quantitatively study the

microdroplet stability using light transmission to measure accurately.

2.20 Nematic Liquid Crystal Microdroplet Optical Trap

The underlying event in optical trapping is the interaction of optical forces. Optical
forces result from the conservation of linear momentum in light-matter interactions,
which attract the liquid crystal microdroplet toward the laser spot due to the difference
in the refractive index between the liquid crystal microdroplet and its surrounding

medium (Donato et al. 2016). As a result, angular momentum is transferred, causing
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optical reaction torques on the trapped liquid crystal microdroplets (Donato et al., 2016;
Yang et al., 2008). Optical trapping confines birefringence liquid crystal microdroplets
dispersed in the water while the light polarization state induces molecular
reconfigurations, forming conoscopic structures and microdroplet rotation (Usman et
al., 2012). This event initiates the possibility of optical trapping. Previous research on
liquid crystal dynamic behavior under various laser power, sizes, and polarization has
reported optical manipulation of liquid crystal (Murazawa et al., 2006; Phanphak &
Pattanaporkratana, 2014; T-thienprasert, Limtrakul, Zentgraf, & Chattham, 2019).
Optical trapping of nematic (Brasselet, 2008; Usman et al., 2011), smectic (Murazawa
et al., 2006; Usman et al., 2012), cholesteric (Smalyukh et al., 2007; Yang et al., 2008)
and prior researchers have investigated lyotropic liquid crystal (Iwashita & Tanaka,
2003) to demonstrate trapping behavior and molecular reconfiguration. Liquid crystals
are unique because they can respond to light polarization, and their molecules tend to
orient according to the light polarization state. This change can be observed under a
cross-polarized view. The position of liquid crystal droplets during trapping or
rotational motion at definite light polarization can be employed to describe the

dynamics of liquid crystal optical trapping.

Previous researchers reported the establishment of optical trapping of liquid
crystals in the form of microdroplets in the water medium. Optical manipulation of the
liquid crystal in the form of microdroplets was reported (Juodkazis et al., 1999). This
study reported the observation of the trapped E44 droplet under optical trapping based
on linearly and circularly polarized laser beams. The finding shows that linearly

polarized light could control the angular reorientation of trapped liquid crystal droplets.
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Figure 2.35 shows that the alignment of the liquid crystal droplet can be controlled by

rotating the polarization of the incident beam using a half-wave plate.

Figure 2.35. The schematic representation of polarization control of the incident
trapping beam, the liquid crystal droplet was aligned according to the plane of
polarization of the incident beam as shown in (a) to (e) (scale bar: 10 pm). Adapted
from (Juodkazis et al., 1999).

Figure 2.35 shows the angle-controlled alignment of a liquid crystal droplet by
plane-polarized irradiation. Polar alignment is indicated when the light passes through
a polarizer-droplet analyzer, thereby scattering the light (shown schematically on the
right in Figure 2.35). The area where it is marked with dark ellipses in the schematic
drawing indicates that the passing light is not scattered. Figure 2.35 (e) shows that by
controlling the polarization of the incident beam, the liquid crystal droplet is aligned to
the plane of polarization of the incident beam. This can be done by rotating the angle

of the half-wave plate.
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Besides that, the effect of the circular polarization on the single liquid crystal
droplet was also studied. They found that the single liquid crystal droplet spun under

circularly polarized light, as shown in Figure 2.36.

Untrapped #
droplet \ /

(a) Rotated Rotated
droplet droplet

Rotated Rotated
droplet droplet

Rotated

droplet Rotated

droplet

Figure 2.36. (a)-(e) shows the spinning of the rotation of the liquid crystal droplet by
circularly polarized light. Scale bar: 10 um. Adapted from (Juodkazis et al., 1999).

A spinning single liquid crystal microdroplet illuminated by the circularly
polarized laser beam is presented in Figure 2.36. Figure 2.36 (a)-(e) shows the
sequential images of the single liquid crystal microdroplet spinning. The spinning of
the liquid crystal microdroplet was verified by observing the untrapped small particle

orbiting the trapped liquid crystal microdroplet.

In brief, Juodkazis et al. (1999), reported that the alignment inside the liquid
crystal could be aligned using a linearly polarized laser beam by changing the angle of
the half-wave plate. In addition, it was demonstrated that the circularly polarized laser

irradiation on the liquid crystal microdroplet could trap it and cause it to be rotated.
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Although the effect of a linearly and circularly polarized laser beam could be used to
manipulate the internal configuration and rotate the liquid crystal microdroplet, optical
measurements such as optical stiffness were not reported. Besides, the range of size of

liquid crystal microdroplets that could be trapped and rotated was lacking information.

In addition, the effect of circularly polarized tweezers on liquid crystal droplets
was studied (Murazawa, Juodkazis, & Misawa, 2005). Figure 2.37 shows evidence of

a single radial 5CB rotation under a circularly polarized laser beam.

Figure 2.37. Spinning radial 5CB droplet at 310 mW dragged floating droplet into
orbiting motion. Scale bar, 10 um. Adapted from (Murazawa, Juodkazis, & Misawa,
2005).

Figure 2.37 shows the trapped radial SCB droplet spinning under circularly
polarized light at high laser power (P = 310 mW) under a cross-polarized view. The
marked arrow at ¢ = 0 s indicates the spinning of the radial SCB droplet. It could be
seen that the nearby particle close to the trapped radial SCB droplet was changing the
position accordingly at t = 0.6 s until ¢ = 1.8 s. The rotation of the nearby particle
confirms the spinning of this radial SCB droplet. The spinning of the bipolar and radial
5CB was further investigated by studying the exposure of several SCB droplet sizes to

the circularly polarized laser beam. The bipolar SCB droplets of 1.9 um, 2.5 um, and
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3.2 um were introduced to the circularly polarized laser beam in a specific laser power
up to 360 mW. Meanwhile, for the radial 5CB droplet, several selected sizes, such as
4.8 um, 5.4 pm 6.7 um, and 7.8 um, were also irradiated with a circular laser beam up
to 440 mW laser power to study the droplet rotation. Next, the spinning of the bipolar
and radial 5CB droplets of different sizes trapped under a circularly polarized laser

beam is compared by gradually increasing the laser power, as shown in Figure 2.38.

Figure 2.38. (a) Graph of rotation frequency, w, of bipolar CBS5 droplets against laser-
power for diameters 3.2 um (1), 2.5 um (2), and 1.9 um (3). (b) Graph of the rotation
frequency of radial-5CB droplets against power for diameters 7.8 um (1), 6.7 um (2),
54 pm (3), and 4.8 um (4). The lines act as guides for the eye. Adapted from
(Murazawa, Juodkazis, & Misawa, 2005).

Figure 2.38 (a) shows the graph of the rotational frequency of the trapping of
bipolar 5CB droplets of diameters 3.2 um (1), 2.5 um (2), and 1.9 pm (3) under a
circularly polarized laser beam at varied laser power. At the same time, Figure 2.38 (b)
shows the graph of the rotation frequency of the trapping of radial SCB droplets of
diameter 7.8 um (1), 6.7 pm (2), 5.4 um (3), and 4.8 um (4) under a circularly polarized
laser beam at varied laser power. In the context of bipolar droplet rotation, Figure 2.38

(a) shows that in the bipolar 5C droplet, the 3.2 pm droplet has the lowest spinning
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frequency while the 1.9 um droplet has the highest spinning frequency. Notably, the
bipolar 5CB droplet in the range of the sizes shown in Figure 2.38 (a) spins at all the
laser power used. The lowest laser power to spin the bipolar SCB droplets was ~ 20
mW. The smallest bipolar SCB droplets that managed to be trapped was 1.9 um. The
experiment results highlight that the spinning frequency of a bipolar 5CB droplet is
proportional to the applied laser power beam and decreases with the droplet diameter.
There was a slight difference in the case of exposing the radial SCB droplets to the
circularly polarized laser beam. The radial structure of the SCB droplet exhibits
negligibly small birefringence, causing the angular momentum transfer mechanism
from light to the droplet to be unique compared to bipolar droplets (Murazawa,
Juodkazis, & Misawa, 2005). It was observed that when the lower laser power was
applied, the radial 5CB droplet did not spin. When the laser power was slowly increased
to higher, the radial 5CB droplet started to shake with an intermittent spinning pattern.
Figure 2.38 (b) shows that the radial SCB droplets only rotated when the higher laser
power was used. The even rotation frequency was achieved when using strong laser
tweezing power. The smallest radial SCB droplet of 4.8 pm rotated faster at very high
laser power compared to the large radial 5CB droplet of 7.8 um. It is attractive to
observe that the larger radial SCB droplet could be spinning at the lower laser power
compared to the smaller radial SCB droplet. The smallest laser power to rotate a radial
5CB droplet of 7.8 um was ~ 200 mW. The experiment results highlight that the
spinning frequency of radial SCB is proportional to the applied laser power beam and

decreased with the droplet diameter.

In short, the findings of Murazawa et al. (2005), showed that the rotation

frequency of the trapped 5CB droplet of bipolar and radial are proportionate with the
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laser power used. Meanwhile, the rotation frequency reduced with the increase of 5CB
droplet size. The angular momentum transfer was different in the case of bipolar and
radial 5CB. Despite demonstrating the rotation of bipolar and radial 5SCB microdroplets,
no optical stiffness measurement was done on the trapped droplet studied. The size of
the trapped bipolar and radial microdroplets was bigger from the range of 1.9 to 7.8
um. The laser power used to study the rotation frequency of the SCB droplet used was
so higher and stronger, up to 440 mW. The information on the rotational frequency of
droplet sizes less than 1.9 um was lacking. It is interesting to present the trapping of the

bipolar and radial 5CB droplet using the smallest size and smallest laser power.

Another experiment reported the reconfiguring of bipolar liquid crystal
microdroplets (Usman et al., 2013). Figure 2.39 shows the observation of the trapped

bipolar nematic 5CB under a linearly polarized laser beam.

Figure 2.39. Sequences of the time evolution of POM images of an individual bipolar
nematic SCB droplet optically trapped by a linearly polarized trapping beam at (a) 130
mW (or 54 MW/cm2) and (b) 850 mW (or 360 MW/cm2). Adapted from (Usman et
al., 2013).

Figures 2.39 (a) and (b) show the POM images of the individual ~2.5 pum
nematic SCB droplet under irradiation by the linearly polarized light beam at different

laser power densities. The irradiation laser power in Figure 2.39 (a) was 130 mW or 54

MW/cm?. Meanwhile, in Figure 2.39 (b), the irradiation laser power used was 850 mW
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or 360 MW/cm?. A few tens of MW/cm? laser power can trap the droplet stably at the
focal spot. Under the trapping condition, the Maltese cross pattern in Figure 2.39 (a)
remains unchanged, indicating that the intrinsic configuration inside the droplet remains

intact.

Meanwhile, as the laser power was increased to hundreds of MW/cm?, the POM
images in Figure 2.39 (b) were time-dependence. This is shown in Figure 2.39 (b); at
10 s, the Maltese cross pattern started to disappear and was replaced by the ring pattern
from 15 s to 80 s when higher laser power was applied to the trapped nematic 5CB
droplet. Typically, a small ring near the center and one or two larger concentric rings
showed up clearly on time scales of seconds to a few tens of seconds, depending on the
laser power. Such time evolution of POM images indicates unambiguously that
reordering inside the optically trapped droplet takes place under the high power of the
laser beam. Next, the effect of the circularly polarized laser beam on the trapped SCB
droplet at different laser power densities was also investigated, as shown in Figures

2.40 (a), (b) and (c).

Figure 2.40. Sequences of the time evolution of POM images of an individual bipolar
nematic 5CB droplet optically trapped by a circularly (left-handed) polarized laser
beam (a) at laser power 460 mW or 190 MW/cm?, (b) an orbit of a tiny droplet around
the rotating optically trapped droplet (the time is in seconds after the droplet starts to
rotate), and (c) at laser power 940 mW or 390 MW/cm? (Usman et al., 2013).
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Figure 2.40 (c)-(e) illustrates the POM images of SCB droplets of a size of ~3.5
um trapped at different laser power densities. The SCB droplet appeared as a full-bright
circular area when the low laser power was applied for optical trapping in the POM
images, as shown in Figure 2.40 (c). The full-bright circular area represents the high-
speed rotating SCB droplet, giving a uniform aspect to the snapshot of the crossed-
polarization light imaging. The rotation of a single 5CB droplet was proved by the
orbiting of a tiny droplet around the rotating droplet, as shown in Figure 2.40 (d). The
full-bright circular area was observed temporarily at higher laser power for optical
trapping of SCB droplets, indicating that the droplet rotation was discontinued. Figure
2.40 (e) shows that the full-bright circular area disappeared and was replaced by a
darker circular ring similarly to that observed during the 5CB droplet trapped by a
linearly polarized laser at higher laser power. This characteristic’ shows that the
droplet's reordering occurs at higher laser power, and no rotation was observed at the
reordering state. The laser power used affects the reordering inside the trapped 5CB

droplet, and light polarization controls the dynamic of the trapped SCB droplet.

In short, Usman et al. (2013), show the optical trapping of a bipolar SCB droplet
introduced to the linearly and circularly polarized laser beam. The bipolar SCB droplet
of ~2.5 um could be stably trapped under a linearly polarized laser beam when the laser
power used was 130 mW. It was found that the intense laser beam of the linearly
polarized laser beam at 850 mW caused the bright spot of the trapped bipolar 5CB
droplet to destroy or diminish. In the context of the circularly polarized laser beam, the
bipolar 5CB of ~ 3.5 pm rotated when it was trapped by the linearly polarized laser
beam at 460 mW. At a strong laser power applied ~940 mW, the rotation of the bipolar

5CB was fastest; the bright spot circular area disappeared and was replaced with the
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darker ring. From this observation, at higher laser power affects the Maltase cross
pattern of the trapped bipolar SCB droplet at higher laser power use. The intense laser
power used introduces the reordering inside the trapped SCB droplet. This study is
significant in showing the different dynamic effects when the linearly polarized and
circularly polarized was introduced to a single trapped bipolar SCB droplet. The higher
laser power used affects the reordering inside the SCB droplet. This study focused on
observing the dynamics of the trapped 5CB droplet under linearly and circularly
polarized light and the dependency of laser power on the 5CB droplet's internal
configuration. However, the quantitative measurement of the optical stiffness of the
trapped SCB microdroplet was not reported. Besides that, the laser power to trap a

single bipolar microdroplet optically was higher, ranging from 130 mW to 940 mW.

The optical trapping of a nematic liquid crystal microdroplet was further
investigated by changing the light polarization. The dynamic behavior of the 5CB
microdroplet under low laser power was observed (Phanphak et al., 2014). Based on
the experiment result, the radial nematic liquid crystal microdroplet under linearly
polarized trapping was always pushed slightly off-center, as shown in Figure 2.41.
Energy minimization is the main reason that causes the radial nematic liquid crystal
microdroplet to be slightly off-center. The minimum energy between the liquid crystal
director and optical field interaction happens when the LC director is parallel to the

optical electric field or polarization of light according to this equation:

re (- B))) (2.26)



88

where &, is the dielectric constant perpendicular to the director axis, A¢ is the dielectric

anisotropy, 71 is the liquid crystal director and E is the optical electric field.

Figure 2.41. The trapping location of the radial nematic liquid crystal (green rods)
droplet shifted away from the droplet center under a linearly polarized light-trapping
laser (red beam) (Phanphak et al., 2014).

Figure 2.41 shows that the trapping location of the radial nematic liquid crystal
droplet was shifted from the droplet center under a linearly polarized trapping laser.
Notably, the linearly polarized laser beam caused the off-center trapping of the radially

nematic liquid crystal microdroplet.

Meanwhile, the effect of the various laser powers on the radial liquid crystal
microdroplet was also investigated. The observation of the trapped liquid crystal

microdroplet at various laser powers is shown in Figure 2.42.
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Figure 2.42. A radial nematic liquid crystal droplet of 11.5 um in diameter under the
linearly polarized light optical trap of the following power: (a) without laser, (b) 28
mW, (c) 130 mW, (d) 246 mW. Adapted from (Phanphak et al., 2014).

The linearly polarized laser beam was used to trap a single radial liquid crystal
microdroplet of size 11.5 pm in diameter at different laser power, as shown in Figure
2.42. The initial image of the radial liquid crystal microdroplet when the laser was
turned off is shown in Figure 2.42 (a). When the laser power was turned on and
increased to 28 mW (low laser power), the radial liquid crystal microdroplet was
trapped by the laser focus slightly off-center. However, the internal configurational of
the trapped liquid crystal microdroplet was still intact and unchanged. The laser power
was then increased to 130 mW, and the observed off-center distance was increased, as
shown in Figure 2.42 (c¢). Despite that, the internal configuration was still present, and
deformation was observed. Next, the laser trapping power was increased to 246 mW.
The 246 mW laser power was too strong and caused the trapped radial liquid crystal
microdroplet deformation, as shown in Figure 2.42 (d). No more extended optical
pattern can be observed at this time as the internal configuration inside the liquid crystal

microdroplet had fully deformed when the higher laser power was applied.

The effect of the elliptically polarized light on the trapped radial nematic liquid

crystal microdroplet was also investigated. Figure 2.43 shows the trapped radial liquid
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crystal microdroplet by an elliptically polarized laser beam at a different elliptical angle

00-

Figure 2.43. A radial nematic liquid crystal microdroplet of 16.8 pm in diameter under
28 mW elliptical polarize optical light trap of the following elliptical angle: (a) without
laser, (b) x =18, (c) x =30 and (d) x = 45 Adapted from (Phanphak et al., 2014).

Figure 2.43 shows the observation of the dynamic rotational study of the trapped
radial nematic liquid crystal microdroplet under an elliptically polarized laser beam at
a different elliptical angle. The initial observation of the radial nematic liquid crystal
microdroplet when the laser was turned on, is shown in Figure 2.43 (a). No rotation was
observed as the trapping laser was off. When the laser beam was turned on, and the
elliptical angle was adjusted until (y = 18), the trapped radial NLC microdroplet
initiated the rotation. Hence, the 18 elliptical angle is the threshold angle for rotating
the trapped radial nematic liquid crystal microdroplet. The elliptical angle was further
increased to (y = 30), as shown in Figure 2.43 (c). As the elliptical angle was at 18, the
rotation became less stable. As the elliptical angle increased to (y = 45), where the
elliptically polarized light had completely changed to the circularly polarized light,
Figure 2.43 (d) observed the most stable rotation. The droplet size that can be rotated
under low power optical trap was varied from a few microns to 10 microns. The rotation
was possible because the optical torques could overcome resistance, such as drag
friction from the surroundings and internal elastic strength. The torque that initiates the

rotation depends on the microdroplet size. A small-size microdroplet requires higher
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torque to initiate the rotation because of higher molecular anchoring and binding

strength.

To summarize the study by Phanphak et al. (2014), the observation of the radial
nematic liquid crystal microdroplet illuminated and trapped by a linearly and circularly
polarized laser beam was reported. When the linearly polarized laser beam trapped the
nematic liquid crystal microdroplet, the radial nematic liquid crystal microdroplet was
slightly off-center when the laser polarization state was linearly polarized. As a result,
the radial microdroplet could preserve its internal configuration at low laser power but
deform at higher laser power. A different dynamic was observed when the elliptical
polarization laser beam was used to trap a single radial nematic liquid crystal
microdroplet. An elliptically polarized optical trap initiates the rotation of a radial
nematic liquid crystal microdroplet if the elliptical angle reaches the threshold angle to
start rotating. The stable rotation was achieved when the elliptical angle 45 was equal
to circularly polarized. Besides, the rotation speed might vary according to the
microdroplet size; even though their study reports the dynamic observation of the effect
of light polarization, which is linear and elliptical on the trapped radial 5CB
microdroplet, the significant parameter related to the optical force such as optical

stiffness was not reported.

Meanwhile, the reported size of the radial nematic liquid crystal microdroplet
trapped using a linearly polarized laser beam was 11.5 pm at a laser power of 28 mW.
Meanwhile, the reported size of the radial nematic liquid crystal microdroplet trapped

using an elliptical polarized laser beam was 16.8 um at a laser power of 28 mW. The
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bigger size of the nematic liquid crystal microdroplet is unsuitable for actuating and

sensing applications.

The optical trapping of the nematic liquid crystal microdroplet was also reported
to study internal transition change (Oster et al., 2022; Shechter et al., 2020). The optical
tweezers are used to hold a liquid crystal microdroplet while monitoring the changes in
the internal configuration of the trapped nematic liquid crystal microdroplet. This study
reported interesting transition changes inside the trapped liquid crystal when it was
systematically exposed to varied concentrations of SDS concentration. The use of
optical tweezers to hold the liquid crystal microdroplet was significant. In this study,
the optical tweezers were primarily used to hold a single liquid crystal microdroplet
during the transition when the surfactant concentration increased or decreased.
Unfortunately, the significant parameter for the optical trapping, such as optical
stiffness, was not performed. Furthermore, the dynamic effect of the trapped liquid
crystal microdroplet was neglected throughout the experiment because the scope of the

experiment focused on transitional change.

The effect of light polarization on the achiral nematic liquid crystal microdroplet
was also investigated (Kiang-la et al., 2021). It was reported that it was possible to
rotate the achiral nematic liquid crystal microdroplet under a linearly polarized tweezer
(Kiang-Ia et al., 2021). Despite that, previous research showed that the radial nematic
liquid crystal microdroplet was stably trapped with no rotation observed. Conversely,
in their experiment, stable trapping was observed when the laser power applied to the

trapped radial microdroplet was from 124 mW to 298 mW. A few moments after the
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laser power was increased to 298 mW, the defect showed a rotation around the laser

spot in a clockwise direction, as shown in Figure 2.44.

Figure 2.44. An NLC droplet was found rotating clockwise under a linearly polarized
laser trap at laser power 298 mW. The laser polarization direction was set at an angle f3
= 135¢ to the horizontal. Adapted from (Kiang-Ia et al., 2021).

Increasing the laser power to 635 mW laser power caused the same 19 um liquid
crystal microdroplet to rotate counterclockwise, as shown in Figure 2.45. The condition
explained that there was no temperature gradient when the droplet was trapped at the
focal point. Thus, no rotation was observed. Meanwhile, by continually increasing the
laser power, the droplet was levitated to the region above the focal point, and then

reverse rotation appeared.

Figure 2.45. The same 19-pm NLC droplet in Figure 2.70 rotated in the reverse
direction under the same linearly polarized laser trap at a higher laser power of 635
mW. Adapted from (Kiang-Ia et al., 2021).
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The dependency of the rotation and microdroplet size was examined. The
threshold of the power of the laser for the microdroplet clockwise and counterclockwise

direction, along with microdroplet size, is shown in Figure 2.46.

Figure 2.46. The graph of threshold laser power against droplet size clockwise and
counterclockwise rotation. Adapted from (Kiang-Ia et al., 2021).

Figure 2.46 shows the graph of threshold laser power against droplet size
clockwise and counterclockwise rotation. The ideal droplet sizes for rotating clockwise
and counterclockwise ranged from 19 um to 27 um. However, it was found that if the
microdroplet size was less than 19 pm, only clockwise rotation was observed. Below
19 um, the size of the droplet was too tiny and rotated in the lower stable region below
the focus of the laser. However, the tiny droplet was pushed out from the optical trap if
the laser power was too high. For the droplet larger than 27 pum, the low laser power
was insufficient to rotate the droplet; therefore, only counterclockwise rotation

happened at the upper stable region.
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In conclusion, the experiment showed that an achiral nematic liquid crystal
droplet could form an asymmetric macroscopic structure under laser trapping, enough
to generate Lehmann rotation under the heat gradient of a linearly polarized laser beam.
Achiral nematic liquid crystal microdroplets could be rotated using a linearly polarized
laser beam. However, the rotated achiral nematic liquid crystal droplet was in the range
of 18 pm to 25 pum, which was very big. On top of that, the optical stiffness
measurement was not performed despite the achiral nematic liquid crystal being

successfully trapped by using a linearly polarized laser beam.

2.21 Nematic Liquid Crystal Microactuator

Microatuator is a micron-scale actuator that converts input energy (radiation, chemical,
electrical) into mechanical energy. A microactuator creates a force that produces simple
mechanical work or motion. The micrometer-sized particle can be optically rotated by
light with its angular momentum. For example, a laser with a helical phase or circularly
polarized light can extract the angular momentum of light absorption or birefringence
properties due to the microparticles (Ito et al., 2012). The laser trapping beam plays
essential roles, including confining the liquid crystal microdroplet, inducing internal
molecular reconfiguration, and rotating within the focal spot of the trapping laser. Light
can actuate liquid crystal microdroplets to form a rotated mechanical response under
specific light polarization. The optical torque imparted to the liquid crystal microdroplet
during the optical trap can be induced by wave plate behavior, light scattering, an

absorption process, or optical realignment (Usman et al., 2012).
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The successful use of circularly polarized light for precise switching control of
liquid crystal micro-gears was demonstrated (Ito et al., 2012). A circularly polarized
beam of 1064 nm was used to trap liquid crystal objects optically. Liquid crystal was
made into liquid crystal micro-gears through a series of processes. Figure 2.47 shows

the camera image of the microgear held by laser tweezers.

Figure 2.47. Optical micrograph of a micro-gear (» =4 um, 4 = 14 pm) rotating first to
the left and then to the right under the control of the phase plate. Adapted with
permission (Ito et al., 2012).

The image of the micro-gear rotated left and right by controlling the phase plate
of the P = 180 mW circularly polarized trapping beam is shown in Figure 2.47. At P =
180 mW, the liquid crystal micro-gear enables directional control of the optical rotation
with a maximum frequency of 11 Hz, showing the superiority of the liquid crystal
micromachine over micro rotors made of non-birefringent photocuring resins in terms
of switching efficiency. In addition, the liquid crystal micro-gear acts as a rotating
microactuator since circularly polarized light can precisely control the frequency and

direction of rotation.

In short, optical trapping was successfully used to control and rotate the left and
right of the micro-gear precisely. Despite the rotation control of the micro-gear, the

optical stiffness measurement of the trapped micro-gear was not studied. The optical
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stiffness information was significant in calibrating the optical trap strength. Even
though the micro-gear can mimic the actuator's function, the micro-gear size was

bigger.

In addition, the creation of a miniaturized and robust metalens-based optical
tweezer system capable of rotating liquid crystal droplets to mimic the optical motor
for future lab-on-chip applications was reported (T-thienprasert, Limtrakul, Zentgraf,
& Chattham, 2019). Researchers performed an optical trap of microparticles using an

optical setup with metalens, as shown in Figure 2.48.

Figure 2.48. Experimental diagram of metalens-based optical tweezers. Adapted under
the terms of the Creative Commons Attribution license (T-thienprasert et al., 2019).

This study used a 1064 wavelength, P =30 mW CW laser, as the trapping laser
source. Glan-Thompson polarizer and quarter wave plate were used to convert the linear
beam into a circularly polarized laser beam. Figure 2.49 shows the successful nematic

liquid crystal trapping using metalens-based tweezers.
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Figure 2.49. Trapped bipolar and radial nematic liquid crystal microdroplet at P = 30
mW by circularly polarized light. Adapted under the terms of the Creative Commons
Attribution (T-thienprasert et al., 2019).

Figure 2.49 shows the trap of bipolar and radial liquid crystal microdroplets by
metalens-based optical tweezers. The bipolar microdroplet showed an apparent rotation
under circularly polarized light, as shown in Figure 2.49. The radial droplet structure
remained due to its symmetrical configuration, while the bipolar droplet showed
continuous rotation in the laser trap in Figure 2.49. Ultrathin metalens reflected the
potential to replace the traditional lens for lab-on-chip application systems. The liquid-
crystal microdroplet could be effectively integrated into the miniaturized optical
tweezers, indicating the potential to act as an optical motor for microscopic systems to

control motion and flow (T-thienprasert et al., 2019).

In short, T-thiemprasert et al. (2019), successfully created a miniaturized and
robust metalens-based optical tweezer system capable of rotating liquid crystal droplets
to mimic the optical motor for future lab-on-chip applications. The bipolar and radial
5CB were rotated under the irradiation of a circularly polarized laser beam by utilizing
metalens-based polarized optical tweezers, which had a high potential to replace

conventional lenses. Despite that, the details of the laser power used and the range of
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liquid crystal microdroplets that could be trapped were not justified. On top of that, the

optical stiffness of the trapped liquid crystal microdroplet was not studied.

In another study, it was reported that liquid crystal droplets were used to
fabricate micrometer-sized cylinders that rotated in a circularly polarized optical trap
to measure the viscosity of composite liquid crystal (Sanders et al., 2013a). In the same
study, the rotation of the liquid crystal microdroplets was used to measure host media

such as heavy water (Sanders et al. 2013).

Liquid crystal is a soft but brilliant material that responds to stimuli by adjusting
its chemical and physical properties. The soft microactuator using a liquid crystal
microdroplet is more flexible than a solid microactuator. LC polymers (LCPs) are used
in the shape change system and are also known as crosslinked liquid crystal polymers
(CLCPs) (Qin et al., 2021). LCPs can perform different deformation modes, including
contraction and expansion, topographical deformation, bending, twisting, and rolling
(Zhu et al., 2021). In particular, the soft liquid crystal microactuator is available by

taking advantage of optical trapping.

2.22 Nematic Liquid Crystal Sensor

The liquid crystal is a transducer for detecting particular molecules or particles in a
medium in sensing applications. The detection mechanism’ is based on the sensor's
contact with the targeted carrier in a medium (Popov, Piotr, Mann, Elizabeth, Jakli,

2017). The exciting properties, such as environmental response and striking optical
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effects, made liquid crystals useful in sensor applications. The liquid crystal sensor
mechanism is based on the director defect visualization when the extrapolation length

is smaller than an object in the medium. Extrapolation length (b) is expressed as

b= LS (2.23)
w

where K is the director distortion elastic constant in the order of 1 tol10 pN, and W is
the anchoring strength typically found in the orders of 10 — 10~ J.m*2 (Popov et al.,
2017). The striking optical effect is formed and observed under polarized optical

microscopy due to the liquid crystal orientation distortion above minimal size (b)

(Popov et al., 2017).

The thermotropic liquid crystal is immiscible in water. The thermotropic liquid
crystal and analytes interact via a distinct liquid crystal water interface. As a result, the
surface of the liquid crystal is exposed to contact with the target-carrying fluid.
Commonly, the analytes remain outside the liquid crystal and are adsorbed on the
surface of the liquid crystal. The liquid crystal molecules have a sensitive surface during
contact with targeted molecules due to the delicate balance of bulk elastic deformations
energy and surface anchoring energy of the director (Popov et al., 2017). Hence,
chemical and biological sensing applications applied liquid crystal sensitivity as a

transducer.

The light is modulated when passing liquid crystals because anisotropic

molecules of liquid crystal exhibit a long-range order of the arrangement, and the liquid
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crystals amplifies change. Figure 2.50 schematically shows the optical output signal

generated by the sensor using a liquid crystal transducer.

Figure 2.50. Schematic diagram of the sensor using liquid crystal (Popov et al., 2017).

Figure 2.50 shows the simplified schematic of a sensor using liquid crystal. The
transmission electron microscopy TEM-filled grid liquid crystal (middle) is exposed to
targeted biomolecules in solution and is illuminated with light. The transmitted light
produced the observable liquid crystal texture or quantitative optical signal image. The
condenser collects, and the CCD camera records the transmitted light via liquid crystal.
The anchored director on the two surface and bulk elastic properties decide the liquid
crystal orientation in the cell. The variation of director orientation inside the cell

influenced the sensor's optical response.
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2.22.1 Microdroplet-Based Sensor

Liquid crystals in microdroplets can be a valuable transducer for detecting the analyte.
Liquid crystal droplets are widely used in environmental and medical science as a high-
sensitivity sensor (Niu et al., 2016). The liquid crystal is a promising optical biosensor
because it has unique properties such as large birefringence and high sensitivity of the
orientation of liquid crystal molecules to a tiny variation on the surface. Therefore,
molecules occurring on the liquid crystal aqueous interface can be amplified and
transduced to an optical signal. The naked eye can see this optical signal (change of
structure of the optical pattern due to the change in molecule orientation) under

polarized optical microscopy.

Liquid crystal has lower water solubility, for example, 4-cyano-4’-
pentylbiphenyl (5CB), which is 0.07 g/mL (Peddireddy et al., 2012). As a result, the
liquid crystal has the highest tendency to form a microdroplet when it disperses in an
aqueous medium, especially water. Liquid crystals are also immiscible in water. Due to
the droplet-liquid interfacial tension, the immiscible liquid crystal in water
spontaneously forms a spherical microdroplet (Usman et al., 2013). The droplet adopts
bipolar, a bipolar molecular arrangement where the liquid crystal molecules align
parallel to the droplet's surface without surfactant in the water. With the addition of a
surfactant, the liquid crystal molecules adopt a radial molecular arrangement where
they align perpendicularly to the surface of the microdroplet. These molecular
arrangements are observable under polarized optical microscopy represented by optical
patterns. The surface of the liquid crystal aqueous interface is so sensitive because it

has a delicate balance between the director's bulk elastic deformation energy and
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surface anchoring energy. The adsorbing of impurities on the surface of the liquid
crystal microdroplet triggers the change of liquid crystal molecular arrangement.
Because of its spherical geometry, the liquid crystal microdroplet's sensitivity is
superior to that of the liquid crystal thin film. In spherical microdroplet form, liquid
crystals have obtained a high surface area per volume ratio, are flexible, and are
dispersed through the aqueous medium for high sensitivity detection. The liquid crystal
microdroplet, especially using SCB, has been widely used to detect different types of
an analyte, such as cells, proteins, heavy metal ions, enzymes, viruses, and other
particles. The conventional detection of the liquid crystal microdroplet-based sensor
requires observation of the transition of molecular arrangement under a polarized

optical microscope.

Some experiments have demonstrated the detection performed by the liquid
crystal-based sensor in the form of microdroplets in an aqueous environment. For
example, the detection of cholic acid by the liquid crystal microdroplet in the aqueous
phosphate buffer solution (PBS) (Niu et al., 2016). The colic acid (CA) concentration
was varied to investigate the slightest detection of CA in the sodium dodecyl sulfate
(SDS) solution containing the SDS-laden liquid crystal droplets/aqueous surface, as
shown in Figure 2.51. The increase in CA concentration caused the SCB optical image
to change from radial to bipolar configuration. The use of CA concentration (<5 uM)
showed that the SCB optical image remained in a radial configuration, as in Figure 2.51
(a). However, the CA concentration of (=5 pm) a triggered the radial-to-bipolar
transition and the corresponding liquid crystal optical image of the change from radial

to bipolar configuration In Figure 2.51 (b). The increased CA concentration caused



104

more radial droplets to change to a bipolar configuration as shown in Figure 2.51 (b)-

(d). Hence, 5 uM was the lowest CA concentration that the SCB droplets could detect.

Figure 2.51. Liquid crystal droplet-based sensor for CA detection at varied
concentrations. (a): 0 M; (b): 5 uM; (¢): 25 uM; and (d): 50 uM. Scale bar: 200 pm.
Adapted from (Niu et al., 2016).

In brief, the nematic liquid crystal microdroplet anchored with an SDS solution
could be a valuable sensor for detecting cholic acid (CA) in a PBS solution. It was
highlighted that in this study, the performance of the dispersed liquid crystal droplet
sensor in surfactant could achieve the detection limit of 5 umol/L. Despite the
successful detection of colic acid by the nematic liquid crystal microdroplet, colic acid
(CA) detection required many nematic liquid crystal microdroplets. This indicated that
the study could not control the number of microdroplets to detect CA. In addition, the
size of the liquid crystal microdroplets used for the detection was enormous (in the
range of 50 um to 250 pm), so it was visible under a polarized optical microscope.

However, the small liquid crystal microdroplet could not be observed under a polarized
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optical microscope. The small liquid crystal microdroplets would have higher detection

sensitivity than the bigger ones.

Besides that, liquid crystal microdroplets can be used to detect protein
molecules such as an antibody (Lee et al., 2015). Therefore, Lee et al., (2015),
developed a label-free biosensor based on the microdroplet, detecting IgG using AlgG-
anchored liquid crystal microdroplets in a phosphate buffer saline (PBS) solution. The
liquid crystals microdroplet was incubated with different concentrations of IgG for
about 30 minutes, and the polarized optical microscopy images are shown in Figure
2.52. The addition of 10 ng mL! did not change the radial internal configuration of the
liquid crystals microdroplets, as shown in Figure 2.52 (a). Therefore, the image was not
changed for 10 ng mL!. However, when 20 ng mL! IgG was incubated with liquid
crystals microdroplets, the transition from radial to bipolar configuration was observed,
as shown in Figure 2.52 (b). Furthermore, the increasing IgG concentration up to 50 ng
mL-! caused the fraction of liquid crystal microdroplets showing transitional from radial

to bipolar internal configuration was to increase, as shown in Figure 2.52 (c).

Figure 2.52. The images of AlgG-anchored LC microdroplets incubated in PBS) with
varied IgG concentrations at fixed liquid crystal microdroplets density (9 x 103
microdroplets per mL) anchored with 5 mgmL™!' of AlgG under polarized optical
microscopy at 30 minutes contact time and room temperature. IgG concentration: (a)
10 ng ml!, (b) 20 ng ml"!, and (c¢) 50 ng ml'!. Adapted from (Lee et al., 2015).
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To summarize, the conventional nematic liquid droplet sensor helps detect the
targeted molecule in a bulk number of microdroplets. This showed that the antibodies'
liquid crystal detection system uses SCB liquid crystal emulsion prepared using folic
acid conjugated block polymer in the presence of sodium dodecyl sulfate (SDS), which
acts as the mediator of the configurational transitional. Conversely, there are a few
limitations in the study reported (Lee et al., 2015). One limitation was that the liquid
crystal microdroplets of various sizes (20 pm to 30 um) used were larger for the sensing
antibodies IgG and produced a naked visible eye signal image for observation under a
polarized optical microscope. However, when the size of the liquid crystal microdroplet
was 10 um and lower, the image of liquid crystal microdroplets under polarized optical
microscopy was invisible. Since the size of the liquid crystals microdroplets used in the
study was significantly larger, the sensitivity of the microdroplet-based sensor is
challenging to lower. In addition, this study used many liquid crystal microdroplets to
detect the IgG, indicating that this study cannot manipulate and control the number of

liquid crystal microdroplets for detection purposes.

The conventional nematic liquid crystal microdroplet-based sensor is proven to
be effective in being used as a sensitive sensor because of its sensitive interface
interaction with targeted molecules. The conventional nematic liquid crystal
microdroplet-based sensor is based on the naked eye observation under optical
microscopy, where the internal configurational change of the nematic liquid crystal
microdroplet from bipolar to the radial state. Despite the detection limit of the excellent
nematic liquid crystal microdroplet, the naked-eye observation of the transitional
change has a disadvantage. The transitional change of the internal configuration of the

nematic liquid crystal microdroplet is observable for bigger microdroplets. However,
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the small microdroplet was challenging to observe. This issue can cause false judgment
of the observer and affect the interpretation of the detection. To overcome this problem,
the extra measurement using an optical signal or lasing technique can be used to

increase the accuracy and sensitivity of the detection.

2.22.2 Whispering Gallery Mode (WGM) Sensing

The experiment using a Whispering Gallery Mode (WGM) lasing-based microdroplet
sensor has been reported by several researchers. Humar and team investigated the
application of Whispering Gallery Mode (WGM) lasing to detect surfactants using
liquid crystal microdroplets (Humar & Musevi¢, 2011). The study presented a novel
technique for detecting small concentrations of targeted molecules according to the
spectra monitoring and changes in liquid crystal microdroplet WGMs. For instance,
they found that the WGM lasing spectrum in micron-size nematic liquid crystal droplets

changed with 0.3 mM sodium dodecyl sulfate (SDS) (Humar & Musevic, 2011).

In this experiment, the SCB was performed as a homogenous light distributor
emitter by dopping with fluorescence dye 7-diethylamino,4-benzophenoxazine-2-one

(0.1 wt %, Nile Red, Sigma-Aldrich). The experiment setup is shown in Figure 2.53.
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Figure 2.53. Experiment setup to monitor trapped 5CB light emission. Adapted from
(Humar & Musevic, 2011).

An infrared laser beam of 1064 nm wavelength (Nd: YAG, Aresis) and an
objective lens of 60x high numerical aperture water immersion objective were used to
form an optical trap to trap a selected SCB droplet. However, the 5CB droplet could not
be trapped stably in 3 dimensions. Hence, the optical tweezers push the trapped 5CB
droplet against the microchannel wall. The low laser power was used to trap a 5SCB
droplet as low as a typical 70 mW to avoid deforming or heating the droplet extensively.
The laser power used for trapping was further reduced by trapping droplets not in the

main channel but on the side of the blind leg of the T-channel, as shown in Figure 2.53.

The sensing characteristic of the nematic liquid crystal microdroplet was
carefully examined under a non-polarized optical microscope, microscopic image under
cross-polarizer, and light emission from the liquid crystal microdroplet. In addition, a

selected 17 pm 5CB microdroplet was observed under an optical microscope, and the
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SDS concentration was varied in the range of 0—2 mM. Figure 2.54 (a) shows the
schematic structure of the SCB droplet, Figure 2.54 (b) shows the image of the SCB
droplet under a non-polarize optical microscope, and Figure 2.54 (c) shows the image
of the 5CB droplet under an optical microscope with a cross-polarizer. SCB droplet
remained in bipolar structure at 0 mM SDS concentration, as shown in the schematic
diagram (Figure 2.54 (a)). The WGMs monitoring split indicated by the liquid crystal

surface anchoring was not completely planar but slightly tilted.

The increase of SDS concentration from 0.2 mM to 2.0 mM changed the bipolar
5CB droplet to the radial configuration, as illustrated in Figure 2.54 (a)-(c). Meanwhile,
the dependency of the light emission from 5CB microdroplets in water solution is
described in Figure 2.54 (d). It could be seen that the emission light showed a significant
difference when the SCB microdroplet was in the bipolar phase, intermediate phase,
and radial phase, as shown in Figure 2.54 (d). Interestingly, the chaotic region of the
emission light was observed in the range of 0.3 mM to 0.4 mM SDS concentration. A
detailed measurement was performed to study the chaotic change in the spectral that
occurred for the SDS concentration range 0.3 mM to 0.4 mM. A 16 pm 5CB droplet
performed the chaotic change in the spectra by changing the SDS concentration in 0.02
mM steps, as shown in Figure 2.54 (e). Figure 2.54 (e) shows that the broad spectral
lines were present in the SDS solution's 0.3 mM to 0.4 mM range. However, the change
in the position and width of the spectral lines were unpredictable and did not

monotonically follow the increasing SDS concentration.
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Figure 2.54. 5CB droplet structure (Figure 2.54 (a)), SCB bright field microscopy
images (Figure 2.54 (b)), and 5CB crossed polarization view images (Figure 2.54 (¢)),
the light emission concentration dependence of SCB microdroplets in water (Figure
2.54 (d)-(e)). Adapted from (Humar & Musevic, 2011).
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In short, Humar et al., (2011), demonstrated the monitoring of the internal
configuration of liquid crystals based on WGMSs’ lasing. In this study, the transition
change of the internal configuration from bipolar to radial inside the microdroplet was
transduced to the optical signal via whispering gallery mode lasing. The dependency of
liquid crystal orientation inside droplets on liquid crystal anchored at the surface
supplies lasing spectra information on the molecule's adsorption process at the droplet
interface. There were a few limitations of this study. This study used a single trapped
nematic liquid crystal microdroplet of range between ~ 13 um to ~ 17 um as the probe
of detection and sensing. The size of the nematic liquid crystal microdroplet was
relatively larger for detecting the SDS molecules. The bigger liquid crystal
microdroplet has a lower surface area per volume ratio, which reduces the detection
limit. In addition, this study used optical tweezers to hold the nematic liquid crystal
microdroplet’ when exposed to the SDS solution's flow. The trapped liquid crystal was
unstable and pushed toward the microchannel wall despite using optical tweezers to
hold the liquid crystal microdroplet. This could cause the deformation in the trapped
liquid crystal microdroplet's spherical shape and indirectly affect the measured optical
signal. The trapped liquid crystal microdroplet should be free to preserve the optical
signal accuracy. In addition, the optical signal of the trapped liquid crystal microdroplet

in the context of the optical stiffness was neglected and not reported.

In addition, the application of liquid crystal microdroplet biosensors using
Whispering Gallery Modes lasers was studied (Duan et al., 2019). The study
demonstrates the heavy metal ion (HM) detection method by applying the Whispering
Gallery Mode laser in a liquid crystal microdroplet biosensor. The nematic liquid

crystal microdroplet is modified with a specific chemical to detect heavy metal ions.
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The modification of the liquid crystal microdroplet involves its surface modification by
doping with another chemical. In their experiment, the preparation of the liquid crystal
microdroplet involved a solution of 1% (v/v) of the nematic 5CB in n-heptane mixed
with dimethylaminostryl-4H-pyan (DCM, 0.01%). The sample mixture was sonicated
and treated for 30 minutes to affirm uniformity. A silica capillary tube forms a tapered
microtube of 7 um diameter by the flame tapering method. Finally, a syringe pump was
attached to the conical microtube's other end, dropping the SCB sample. The different
micro-droplet sizes were created by controlling the injection speed and pump operating
time. The microdropletin the 40 pm to 60 pmrange was chosen for the
sensor experiment. The pressure change in the microtube couldlead to
variations in droplet size and microdroplets hanging at the microtube end. The
fabricated microtube generates one liquid crystal microdroplet each time in all
experiments to facilitate WGM detection excitation. The test setup for the

sensor experiment is shown in Figure 2.55.

Figure 2.55. Illustration of the experimental setup for sensing. Adapted from (Duan et
al., 2019).
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Figure 2.55 (a) shows the series stearic acid-dope 5CB microdroplet of
polarized optical microscope (POM) images exposed to 200 pM copper (II) chloride in
PBS solution, and (b) corresponding lasing spectra of POM images. The exposure of
the 200 pM of copper (II) chloride to acid-dope 5CB microdroplet; changes radial
internal configuration (t = 0 s) to bipolar (t = 200 s) as shown in Figure 2.56 (a). In
addition, the corresponding lasing spectra show that the spectra shifted to the right when
observed in 200 s, as stated in Figure 2.56 (b). The POM image showed no significant

changes from 120 s to 200 s, but lasing spectra detected these changes.

Figure 2.56. (a) The series stearic acid-dope SCB microdroplet of polarized optical
microscope (POM) images exposed to 200 pM copper (II) chloride in PBS solution at
a specific time, (b) corresponding lasing spectra of POM images. Black dots represent
the position of the WGM selected to monitor the spectral shifting of the droplet lasing
emission. Scale bar: 20 um. Adapted from (Duan et al., 2019).

This study useda single-doped liquid crystal as the detection
probe, indicating that the number of liquid crystal microdroplets could be controlled
compared to conventional liquid droplets thatrequired many microdroplets. In

addition, the doped liquid crystal microdroplet was suspended at the end of the
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microtube in the detection solution sample. This indicated poor control and
manipulation of the suspended liquid crystal microdroplet, and the liquid crystal
microdroplet was inaccessible as it was physically attached to the end of the microtube.
This indirectly affects the deformation of the spherical shape of the liquid crystal
microdroplet. This deformation of the spherical shape of the suspended liquid crystal
microdroplet directly affects the WGM signal. This problem can be solved by using
optical tweezers, where the liquid crystal microdroplet can be held without physical
contact, allowing control and manipulation of the liquid crystal microdroplet. Related
to the sensitivity of liquid crystal droplet-based sensors, the size of the liquid crystal
microdroplet used for detection ranged from 40 um to 60 pum. The size of the liquid
crystal microdroplet used for detection was larger. This, therefore, led to
a reduction in the sensor detection limit. To solve this problem, a smaller droplet size

of less than <10 pm increases sensor sensitivity.

Based on previous research, liquid crystals are widely used for sensing
applications in thin films and microdroplets. The liquid crystal thin film-based sensor
is less sensitive because the detection is limited to the targeted molecules on the surface
of the medium in contact with the thin film layer. The liquid crystal microdroplet-based
sensor is more sensitive in the form of microdroplets. The conventional liquid crystal-
based microdroplet requires many microdroplets for detection, and the size of the
microdroplet was varied. The liquid crystal microdroplet-based sensor is modified and
combined with a lasing technique to increase its sensitivity and quantitative detection
based on electrical signals. This significantly increases the sensitivity of the liquid

crystal microdroplet. However, there are several issues in the liquid crystal
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microdroplet-based sensor combined with lasing techniques such as WGM. The current
liquid crystal microdroplet-based sensor detects the targeted particle using a single
liquid crystal. The problem arose the liquid crystal microdroplet was attached to the
glass slide or suspended at the end of the microtube in the sample medium. Because the
liquid crystal is not free to move and is stuck to the glass slide or suspended to the
microtube, the soft liquid crystal microdroplet cannot sustain its spherical shape, thus
affecting the sensing and optical signal produced. Using optical tweezers to physically
non-contact hold the microdroplet without deforming the liquid crystal microdroplet
shape would help to increase the sensitivity of the liquid crystal-based sensor. Besides,
the optical signal of the optical tweezers can be used as an alternative to the WGM
technique in quantifying the chemical reaction at the interface of the liquid crystal
sensor. Another issue for the current liquid crystal microdroplet-based sensor is the size
of the liquid crystal microdroplet used for sensing applications. The current range of
liquid crystal microdroplet-based sensors is ~ 13 pm to 60 um, which are larger. This

significantly reduces the sensitivity of the liquid crystal microdroplet-based sensor.

2.23 Summary

This chapter discussed the theory optical trapping. The theory of calibrating optical
tweezers  and previous  optical  trapping onsolid  particlesand  liquid
microdroplets was discussed. In addition, the theory of liquid crystals was also
discussed. The previously described liquid crystals in the form of microdroplets have
been extensively discussed. Finally, the use of liquid crystals in microactuators and

biosensors was also discussed in this chapter.
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Table 2.2

Advantages and disadvantages of previous research.

Previous Research

Advantage

Disadvantage

Microdroplet

Production (Niu et al.,

Create a 5CB

microdroplet ranging

Stirring technique

generate larger

2016). from 60 pm to 250 5CB microdroplet
pm. >10 pm.
Microdroplet size e The medium of
reduced with stirring dispersion is PBS.
time (6-240 s).

Microdroplet Create dye-doped e No information on

Production (Adamow

etal., 2017).

5CB microdroplets
ranging from 34.17
pm to 4.79 pm.
Create microdroplets
using sonication.
Microdroplet size
reduced with
sonication time (10-30

minutes).

the average size
from 0-10 minutes.
The medium of
dispersion is a 9%
PVA-water

solution.

(continue)
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Previous Research Advantage Disadvantage
Microdroplet Create a 5CB e No information on
Production (Shechter microdroplet by the change in
et al., 2020). agitation and flicking microdroplet size
the culture tube. with time.
Study the effect of e The production
varied SDS technique of 5CB
concentration on is too simple and
droplet diameter and not systematic.
internal configuration

Microdroplet Create a 5CB e No information on

Production (Oster et microdroplet by the 5CB

al., 2022). mechanical agitation. microdroplet

Study the PEG-C10

molecules on the 5CB

internal configuration.

changes with time.
No detailed
information on
mechanical
agitation was

used.

(continue)
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Previous Research

Advantage

Disadvantage

Microdroplet
Production (Duan et

al., 2019).

Create stearic acid-
doped 5CB
microdroplet by
microtube technique.

Better size control

Size from 30 um to 80

pm.

Microdroplet size
larger > 10 pm
The technique is

complex.

Microdroplet Stability

(Aery et al., 2023).

The E17 microdroplet
stabilizes for 15
minutes of
observation before

sinking.

Visual observation

of the naked eye.

Microdroplet Stability

5CB microdroplet size

Visual observation

(Sofi & Dhara, 2019). in PDMS medium under a polarized
decreased after a 2- optical
hour observation. microscope.
Microdroplet Optical E44 microdroplet e Focuson
Trapping (Juodkazis orientation and qualitative
et al., 1999). polarization control of observation.
3.3 pm, laser power ~ e No optical

1 W.

stiffness studies.

(continue)
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Previous Research

Advantage

Disadvantage

Microdroplet Optical .
Trapping (Murazawa,
Juodkazis, & Misawa,

2005).

Rotation of bipolar
and radial 5CB
microdroplet (size
from 1.9-7.8 um and
laser power 31-467
mW)

Rotation increases
with laser power and

reduce with size.

e Focus on

rotational study.

No optical

stiffness studies.

Microdroplet Optical o
Trapping (Usman et

al., 2013).

Polarization control of
bipolar 5CB
microdroplet
Microdroplet size (~
2.5 um & 3.5 pm
Laser power used
from130 mW-940
mW

Ambiguous
configuration at high

laser power.

Focus on the

observation.
e No optical

stiffness studies.

(continue)
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Previous Research Advantage Disadvantage
Microdroplet Optical Polarization control Qualitative
Trapping (Phanphak and effect of laser observation of
et al., 2014). power on the trapped 5CB trapping.

5CB microdroplet. No optical

Higher laser power stiffness was

destroys internal studied.

configuration.

Rotation faster when

elliptical angle = 45°

Laser power used: 28-

246 mW.

Size ~11.5 to 16.8

pm.
Microdroplet Optical A single 5CB was No optical
Trapping (Shechter et trapped to observed stiffness
al., 2020). transition measured.

configuration changes

due to SDS exposure.

Visual observation
of transition
change of the
trapped SCB

microdroplet.

(continue)
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Previous Research Advantage Disadvantage
Microdroplet Optical e Rotation of achiral Qualitative
Trapping (Kiang-Ia et nematic LC observation of
al., 2021). microdroplet (5CB) 5CB microdroplet

trapped by linearly trapping.
polarized light. No optical
e Laser power used: 124 stiffness was
mW to 298 mW. studied.
e Size ~15-50 pm
e 18-17 um
microdroplet could
rotate clockwise and
counterclockwise.
Microdroplet Optical e The trapping of a Focus on the
Trapping (Oster et al., single 5CB transitional change
2022). microdroplet exposed if the trap 5CB
to PEG-C10 microdroplet.
surfactant. No optical
stiffness
measurement
performed.

(continue)
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Previous Research

Advantage

Disadvantage

Microactuator (Ito et

al., 2012).

Rotated micro-gear by
circularly polarized.
Laser power used was
180 mW and size (r =
4 pm and h = 14 pm).
The resulted rotation

frequency was 11 Hz.

Focus on the
rotational study of
microgear.

No optical
stiffness was

measured.

Microactuator ((T-
thienprasert et al.,

2019).

The rotation of bipolar
and radial 5CB
droplets mimics an
optical motor.

Laser power used: 30

Focus on the
qualitative
observation and
rotational control.

No optical

mW. stiffness was
measured.
Microsensing (Niu et Detect Cholic Acid e Visual observation
al., 2016). (CA). of transition
Radial 5CB changes change.

to bipolar 5CB when
introduced to 5 uM of

CA.

Required many
microdroplets
indicated poor

control.

(continue)
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Previous Research

Advantage

Disadvantage

Microsensing (Lee et

al., 2015).

Detect 1gG

Radial 5CB change to
bipolar 5CB when
introduced to 20 ng

mL!.

Visual observation
of transition
change.

Required many
microdroplets
indicated poor

control.

Microsensing (Humar

& Musevic, 2011).

A single detection of
SDS molecules by
dye-doped 5CB
microdroplet based on
WGM.

The bipolar 5CB
change to radial
indicated the presence
of SDS.

Change in emission
spectra of 5CB
microdroplet when
transition from bipolar

to radial.

Poor control of
5CB microdroplet
because of
instability of
trapping to hold.
Microdroplet size
for observation
and detection was
bigger (~13-17

pum).

(continue)



Table 2.2 (continue)

124

Previous Research

Advantage

Disadvantage

Microsensing (Duan

etal., 2019).

A single detection of
heavy metal ions by
dye-doped 5CB
microdroplet based on
WGM.

The radial 5CB
microdroplet changed
to bipolar visually.
The wavelength shifts
of the spectral due to
the transition change

from radial to bipolar.

Poor control of the
5CB microdroplet
because the
droplet was
hanging at the end
of the microtube.
The size of the
5CB microdroplet
used for detection

was bigger (40-60

pum).

This study deals with the problem of formulation of the SCB microdroplet in

terms of distribution size and stability, the qualitative optical trapping of 5CB

microdroplet, micro-control of 5CB microdroplet trapping with translational and

polarization control and the issue of LC-based sensor in terms of quantitative and

sensitive of detection.



CHAPTER 3

METHODOLOGY

3.1 Introduction

Chapter 3 describes the methodology of the study. The methodology of the study
consists of five main parts. The first part of the methodology discusses the assembly of
the modular optical tweezers (OTKB/M), including calibrating the alignment and
quadrant photo-diode (QPD). In the second part of the methodology, the preparation of
the 5CB microdroplet suspension solution in water is discussed. The third part dealt
with the optical capture of a single SCB microdroplet in water using a linearly and
circularly polarized laser beam in water. The trapping dynamics, rotation, translation,

and micro-control of the 5CB microdroplet capture process were discussed. The fourth
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part discussed the analysis of the corner frequency (f.), and angular speed (w) of the
trapped single 5CB microdroplet in water. Finally, the last section explains
the method to demonstrate the trapping mechanism of the trapped SCB microdroplet
exposed to the CTAB solution by analyzing the displacement variance (o2) of the

(QPD) signals.

3.2 Research Flow Chart

Figure 3.1 illustrates the research flowchart in this study. In the first phase, the
(OTKB/M) parts were assembled, optically aligned, and calibrated. After completion
of the optical tweezers alignment, the performance test was performed to affirm stable
and perfectly functional tweezers by trapping polystyrene microbead in water at a

definite range of optical power density.

In the second phase, the SCB microdroplets suspension of bipolar and radial
was produced by sonication 5CB, deionized water, and CTAB at a specified ratio. The
distribution size (r) of 5SCB microdroplet suspension was inspected under an optical
microscope and measured by Imagel software. The stability of SCB microdroplet

suspension was examined by UV-Vis spectroscopy.

In the third phase, a single 5CB microdroplet was optically trapped by linearly
and circularly polarized light with the control of a quarter-and-half wave plate. The
dynamic of optically trapped SCB microdroplets by linear and circularly polarized laser

was visually studied. Forth phase, the size of the microdroplet (r), corner frequency
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(fc), and angular speed (w) were determined using ImagelJ, OSCal and OriginLab

software.

The last phase of the experiment is to prove the sensing mechanism of the
trapped 5CB microdroplet by studying internal configurational change and the
corresponding QPD optical signal. The single trapped bipolar SCB microdroplet was
exposed to CTAB solution, the configurational change from bipolar to radial was

visually recorded, and the QPD signal was analyzed to determine displacement variance

(c?).
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Figure 3.1. The research flowchart.
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3.3 Optical Tweezers System [Phase 1]

Thorlabs' optical trapping system, the OTKB/M, available in the Applied Optics
Laboratory, Faculty of Science and Mathematics, Universiti Pendidikan Sultan Idris,
was used in this study. The system comprises components such as a sample positioning
stage, white light LED, condenser, objective lens, beam expander, back focal plane
detection module, CCD camera, fiber collimator, stage controller, and a (QPD),

piezo stage, and laser diode controller. Figure 3.2 shows the (OTKB/M).

Figure 3.2. The actual (OTKB/M) system.
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Figure 3.2 illustrates the actual image of the OTKB/M system used in this study.
OTKB/M must be combined part by part, as it comes in separate modular blocks. An
observation module, a trap module, and a detection module are the three main modules
that make up the OTKB/M system. A trapping laser module refers to a basic optical
trapping structure. An observation module views the trapped particle. The last module
is the detection module. This module recorded the captured particle’s movement

and served as data storage.

OTKB/M must be calibrated before use. Proper laser alignment in optical
tweezers is required to get the trapped bead’s correct, accurate, and logical signal.
Misalignment of the laser can causeitto lose power, making it less efficient
for trap purposes. In addition, misalignment of the laser tweezers will affect the
signal detected by the position detection device, the (QPD). To ensure the optical
tweezers are correctly aligned, the Advanced Positioning Technologies (APTs) user
software was used to display the laser spot position on the QPD. The laser beam
is correctly aligned when the dot is in the center of the QPD. Each module consists of
components that perform specific functions. Table 3.1 lists the components for each

module.
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Table 3.1

Module and Component of OTKB

Module Component

Trapping Laser driver
Laser diode
Dichroic mirror
Beam expander
Objective lens
Condenser lens

Piezostage

Observation CCD camera

LED illuminator

Detection QPD position sensor

Oscilloscope

3.3.1 Trapping Module

Figure 3.3 shows the (OTKB/M) schematic diagram. The trapping module comprises a
pigtail laser diode with a wavelength of 976 nm. The laser beam is collimated by a
collimator and expanded by beam expansion. The beam expansion laser beam was
directed to the dichroic mirror. The dichroic mirror acts as a reflector and beam
adjuster, ensuring the laser beam reflects off the laser source. The laser beam reflected
by the dichroic mirror was then directed to the objective lens. The objective lens (type
100X oil immersion, 1.25 numerical aperture (NA), 0.23 mm working distance (WD))

focuses the deflected laser beam onto the sample chamber positioned on the
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piezo stage. The sample was controlled in the x-, y-, and z- directions by piezo
stages (Thorlabs, MAX311D/M). The piezo stage was controlled by APTs User
Software (a bundle software from Thorlabs). A condenser lens was used for this
function to collimate the laser from the test sample toward the QPD, a condenser lens
was used for this function. The scattered laser due to the inclusion of a particle in the
test sample was detected by QPD. Then QPD sent the data to the oscilloscope. The
trapped particle was illuminated with white light, and a CCD camera observed its

image.

Figure 3.3. OTKB/M schematic diagram for optical trapping.

Control of trapped particles due to optical trapping is critical. The trapped
particle can be manipulated and controlled by a piezostage component. The actual

image of the piezostage is shown in Figure 3.4.
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Figure 3.4. The snapshot of piezostage with labeled components.

Piezostage is one of the essential blocks in the capture module of optical
tweezers. Piezostage mobilizes the sample holder that holds the test sample in a
specific direction on the nanometer scale. Specifically, the piezo stage controlled the
sample holder in three directions: x, y, and z. Piezostage motion range was 4 mm and
0.5 mm/rev resolution using the coarse adjustment with knob motion range ~ 300 um

with 50 um/rev resolution per axis.

Piezostage can be manually controlled via a rotary position adjustment knob for
three axes. However, manually adjusting the position control can result in a systematic
error by applying additional forces and vibrations to the sensitive sample. The
added force was vibration or shock during manual adjustment of the position knob. The
piezostage can be virtually controlled with APT's user software, which requires
calibration. The piezo stage was moved 1 pm for each applied drive voltage of 4 V.
Therefore, the conversion factor as a reference for the three-axis displacement-stress

profile was constant at 0.25 pm/V.

Furthermore, this study used a 976 nm wavelength infrared laser diode, single-

mode, 14-pin butterfly module laser (Axcel Photonics). The wavelength of this diode
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was 976 nm with a threshold current of 44 mA. Figure 3.5 shows the image of the

butterfly laser diode.

Figure 3.5. The actual image of the butterfly laser diode used as the trapping laser
source.

The compact laser diode driver has a temperature controller and bracket for
butterfly housing (Thorlabs, CLD 1015) that controls the current feeding to the laser
diode. In addition, the compact laser diode driver enabled power control in terms of

current (mA). The driver interface is shown in Figure 3.6.

Figure 3.6. The image of a compact laser diode driver for controlling laser diode power.



135

Since the compact laser diode driver delivers the laser power as a current, it
is essential to calibrate the current-power relationship dependency. Therefore, the laser
power calibration measurement was required. In order to convert laser power from
current to watts, a physical measurement must be performed. Therefore, a power meter
(Thorlabs, model PM130D) measured the laser power output at the objective

lens pupil. The actual image of the optical power meter used is shown in Figure 3.7.

Figure 3.7. The image of the laser power meter used in current-to-power calibration.

The laser current supplied relationship concerning the laser diode power was
studied. After entering the objective lens, the current supplied to the laser and laser
power output relationship was investigated by adjusting the input current from the laser
diode driver, and the optical power meter measured the power. The laser diode
constantly supplied independent laser current ranging from 50 mA to 250 mA in 20 mA
increments. At the position after the beam entered the objective lens, the corresponding
laser power output was measured. The average value was obtained by repeating the
measurement three times. The relationship between the current supplied to the laser
diode and the corresponding laser power is illustrated in Figure 3.8. The laser power
and the current showed a linear relationship, represented by the equation

P =0.39791 — 17.697.
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Figure 3.8. Theplotof laser power (P)versuslaser current (I) for
calibrating the trapping laser in front of the objective lens.

The power density of the laser can be determined when the current-to-
power ratio has been calibrated. This study defines power density as the laser power
per unit area. The trapping laser diameter (d) was 1.1 um. The calculation of the laser
power density could be done by substituting the measured laser power and dividing

by the area of the laser focal spot according to Equation 3.1

w (3.1)
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where P represents optical power density, W represents laser power, and r represents
the radius of the laser trapping trap spot. Table 3.2 lists the current, power, and power

density used in this investigation.

Table 3.2

List of used laser current, power, and power density.

Current, I (mA) Power, W (mW) Power Density, P
(MW/cm?)
70 10.6 1.1
100 23.6 23
130 36.6 3.6
160 49.6 4.8
190 62.6 6.1
220 75.6 7.3

The calculated laser power density for 70 mA, 100 mA, 130 mA, 160 mA, 190
mA, and 250 mA as 1.1 MW/cm?, 2.3 MW/cm?, 3.6 MW/cm?, 4.8 MW/cm?, 6.1

MW/cm? and 7.3 MW/cm? as listed in Table 3.2.

The following essential component in the trapping module is the objective lens.
In optical trapping, the objective lens focuses the laser beam to a focal point. The
objective lens with a high numerical aperture (NA) produces strong
optical power compared to the lower objective lens with a low numerical aperture
(NA). In addition, an objective lens with a high numerical aperture (NA) typically has

a short working distance, which must be considered when preparing a suitable thickness
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of the cell chamber. This study fixed the objective lens type throughout the experiment
to ensure that only the laser power and microdroplet size affect the trapped particle's
corner frequency and optical stiffness. The actual image of the objective lens used for
optical trapping is shown in Figure 3.9. For the optical trapping process,
an oil immersion type objective lens (100X magnification, 1.25 (NA), and

0.23 working distance (WD) was used.

Figure 3.9. A 100X magnification, 1.25 NA, 0.23 mm WD oil immersion objective.

3.3.2 Observation Module

The observation module works to display the trapped particle in the test sample.
Therefore, when the sample test was placed on the sample holder of the piezostage, the
sample test was ready for the trapping process and observation under an inverted
microscope as shown in Figure 3.10. The image of the trapped particle was illuminated

by white light from the illuminator.
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Figure 3.10. Test cell under observation.

The tightly focused laser beam caused the particle suspended in the sample
chamber to be trapped. This study used a CCD camera (800TVL 1/3” CCD Digital
Industry Microscope Camera BNC Camera, Brand: HAYEAR) to record the image and
live video of the trapped particle. The CCD camera was directly linked to the PC;
therefore, the image of the trapped bead could be displayed on the PC. Figure 3.11

illustrates the snapshot live display of the CCD camera on the PC.



140

Figure 3.11. The live image of the CCD camera is displayed on the PC.

The next step was determining the calibration between pixel to micrometer of
the image the CCD camera shows. A specific objective lens was used for the optical
trapping application, and this objective lens produced an image of different resolutions,
magnifications, and views. Hence, the calibration was significant in determining the
size (r) of the trapped particle. In this study, the (OTKB/M) used 100x magnification
1.25 Numerical Aperture (NA) and an immersion oil-type objective lens. Hence,
calibration must be performed to ensure that the post-analysis of the image is precise

and accurate.

The clear image of the micro ruler under the objective was recorded by a CCD
camera and uploaded to the ImageJ software for the calibration process to determine
the conversion factor pixel to the micrometer. The uploaded micro calibration ruler

image in the ImageJ software is illustrated in Figure 3.12.
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Figure 3.12. The front panel of the uploaded image of the calibration slide micro ruler
in the ImagelJ software.

Then, a straight line was drawn perpendicularly between the two consecutive
scales, representing the micro ruler's distance, as shown in Figure 3.13. The distance

between the two consecutive scales was 10 um.

Figure 3.13. The snapshot of the ImageJ front panel shows the straight-line
measurement to determine the distance between two consecutive scales in pixels.
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The straight-line measurement option in Image] showed that the distance
between two consecutive scales in pixels was 86.001. Therefore, the measurement was
repeated ten times to find the average distance in the pixels. The summarization of the

ten measurements made to find the average distance in the pixels is shown in Table 3.3.

Table 3.3

Measurement of length in unit pixels by ImageJ.

Label Measurement Length (pixels)
1 86.000
2 86.000
3 86.000
4 85.000
5 85.000
6 87.000
7 86.000
8 86.000
9 87.000
10 86.001
Mean 86.000
Standard Deviation 0.667

From Table 3.3, the average distance of the two consecutive scales measured
was 86.000 £ 0.667 pixels. Therefore, a 10 um distance was equal to 86.000 pixels. The

resulting conversion factor was 8.6 pixels per micrometer. Using the obtained
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conversion factors, measurements such as distribution size or the individual size of the

particle using the specific objective lens can be performed and measured.

3.3.3 Detection Module

The detection module detects the trapped particle's motion, vibration, or trajectory.
While trapping a single particle, the particle was confined to the laser trap focus. The
vibration of the trapped particle at the trap laser focus caused the stable laser trap
intensity to be disrupted and scattered. The scattered trap laser beam contained
information about the trajectory and position of the trapped particle at a specific time.
In other words, the scattered trap laser beam's fluctuation was correlated to the trapped
particle's trajectory. Hence, the particle motion can be analyzed using the position
detector signal. This information was significantly essential to calculate f. and k.
Therefore, a position detector sensor was required to collect and record the scattered
trap laser beam of the trapped particle. The position detector used in this study was a
QPD. The QPD collected the scattered trap laser beam and converted it to the electrical
signal (voltage). Figure 3.14. illustrates the QPD (PDQ80A, Brand: Thorlabs) used for

position sensing in OTKB/M.
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Figure 3.14. A QPD (PDQS80A, Thorlabs) is used for position sensing in OTKB/M.

The most important part of calibrating OTKB/M is the alignment of the laser
beam. The correct, accurate and logical signal from a single trapped particle can be
assured through the proper alignment. The alignment process was performed by
displaying the laser dot position on QPD through the APT user program, as shown in
Figure 3.15. If the dot position is in the center of the QPD, the laser beam is correctly

aligned.

Figure 3.15. The laser alignment procedure displays the position of the laser spot on the
QPD via the APT user program.

Figure 3.16 shows a schematic diagram for position detection in optical

tweezers using QPD (PDQS80A, Thorlabs). The obtained QPD signal should be
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optimized before the data acquisition process. The laser beam was aimed directly at the
QPD without interruption to optimize the QPD signal. QPD consists of four sensitive
and identical quadrants. These quadrants are light-sensitive sensors that respond to
changes in the intensity of light focused on them. Figure 3.16. shows the illustration of

the QPD schematic diagram.

Figure 3.16. The QPD diagram with four quadrant labels labeled a, b, ¢, and d.

Each quadrant on the QPD detects the photocurrent (a, b, ¢, and d) due to the
focused beam. The position of the laser spot can be examined from the difference
in the photocurrent. The normalized coordinates of the beam positions (X, Y) are

represented by Equations 3.2 and 3.3.

_(a+d)—(b+0) (3.2)
"~ (a+b+c+d)
_(a+b)—(d+0) (3.3)
“ (a+b+c+d)

The four-quadrant sensors capture four equal photocurrents under the condition
that the beam aimed at the center of the QPD is perfectly symmetrical. If the condition

is met, the ray coordinates in the APT user program indicate (X, Y) = (0,0). The change
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in photocurrent is detected when the beam is deflected away from the center,
causing the coordinate to change accordingly. The dichroic mirror was used to adjust
the light captured by the QPD to stay as close to (0,0) as possible when the laser was

on to ensure the QPD signal was optimized.

During the experiment, without placing any sample, the laser beam was adjusted
and fixed at the center of the QPD and (X, Y) = (0, 0). However, when the optical
tweezers trap the particle, the previous QPD alignment might misalign. Therefore, it is
essential to adjust the laser beam position to the center again by adjusting the dichroic
mirror until the beam coordinates almost (X, Y) = (0, 0) again. This step is critical to
ensure that the collected signal from the QPD is in the Lorentzian form and can be fitted

with the Lorentzian Fitting, especially when using the PSD method.

This quadrant photodiode was sensitive to detect light intensity changes toward
the sensor's center at QPD. The collected scattered laser beam due to the trapped bead
at the focal of the laser spot was detected by QPD. The QPD converted the scattered
laser beam into voltage (Volt). As a result, three signals can be obtained: differential (x
and y-signals) and sum signals. The differential signals represent the bead motion in the
lateral x and y axes, while the sum represents the sum of the bead motion in the x and y
direction. The scattered laser beam due to the trapped bead was converted to a voltage
signal by the QPD and transferred to the oscilloscope. The QPD was connected to an
oscilloscope (Yokogawa DL6054), as shown in Figure 3.17, to obtain its electrical
signal. The example of the voltage signal of the trapped particle is illustrated in Figure
3.17. The oscilloscope division scale was set to 100 ms/division for the x-division and

100 mV/division for the y-division for channel 1 and channel 2, which were connected
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to the QPD x and y voltage signals. For analysis f. and ky, the differential electrical
signal of the y data was acquired at a rate of 250 kilo samples/second. The procedure to
save the oscilloscope data to the USB drive varies depending on the oscilloscope one
uses. In our experiment, the QPD waveform data was saved by pressing File> Save >

Waveform> Save Exec based on our oscilloscope model.

Figure 3.17. Voltage waveform display on the Yokogawa DL6054 digital oscilloscope.

Figure 3.17 shows the voltage waveform display on the Yokogawa
DL6054 digital oscilloscope. The data was kept in ASCII (American Standard Code for
Information Interchange) file format. In addition, a USB flash drive was used to transfer

this data to the PC for post-analysis.
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3.3.4 Optical Tweezers Performance Test

The optical tweezers were performed by optically trapping 1and 2-micron polystyrene
microbeads in water. The trapping stability and the range of suitable laser power density
were determined. The single polystyrene microbead was trapped using a linearly
polarized laser beam at laser optical power density ranging from 1.1 to 7.3 MW/cm?,
The polystyrene microspheres were used to calibrate the optical trap
before measuring the liquid crystal microdroplet. For each optical laser power density,
corner frequency (f.) and the optical stiffness (k) of 1 um and 2 pum polystyrene

microspheres were determined.

Figure 3.18 shows the graph of corner frequency (f,.) against laser optical power
density (P) for optically trapped polystyrene microbeads in water. In contrast, Figure
3.19 shows the graph of optical stiffness (k) against laser optical power density (P)
for optically trapped polystyrene microbeads in water. f. showed a consistent increase
with the increasing optical laser power density for both 1 pm and 2 pm polystyrene
microbeads used. The k followed the same trend as the f.. The increasing trends show
that the optical tweezer was a stable trap and working properly. The optical tweezers

were ready to test the f, and k; of the SCB microdroplet.
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Figure 3.18. The graph of corner frequency (f,) against laser optical power density (P)
for optically trapped polystyrene microbeads in water.

Figure 3.19. The graph of optical stiffness (k) against laser optical power density (P)
for optically trapped polystyrene microbeads in water.
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3.4 Preparation of SCB Microdroplet Solution [Phase 2]

Preparing SCB microdroplet suspension in the water requires a specific mixing ratio of
liquid 5CB, deionized water, and surfactant (CTAB or SDS). The density of 5CB is
1.008 g/mL. 5CB has lower water insolubility which is 0.07 mg/L; thus, it can produce
5CB microdroplets in the water. The production of the 5SCB with a specific internal
configuration (bipolar or radial) depends on the addition of surfactant. The surfactant
modifies and anchors the surface of the 5CB microdroplet and causes the liquid crystal
molecules to align in a perpendicular (radial configuration) or parallel (bipolar)
configuration concerning the SCB spherical boundary. The typical schematic diagram
of the bipolar and radial internal configuration of the 5SCB microdroplet is illustrated in

Figure 3.20.

Figure 3.20. The schematic diagram of the 5SCB internal configuration (a) bipolar and
(b) radial.

5CB has refractive indices such as ordinary refractive index (n,:1.57) and
extraordinary refractive index (n,: 1.71). SCB refractive indices are higher than water
(n,,: 1.33), which is the medium of microdroplets for the optical trapping process. The
detailed procedure to produce a SCB microdroplet solution will be explained in the next

sub-topic.
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The 5CB microdroplet can be prepared by vertexing, sonication,
homogenization, hand stirring, microfluidic and encapsulation (Concellon, 2023; Wang
et al.,, 2017). In this study, the sonication technique was chosen to generate a SCB
microdroplet suspension solution. The possible reason is that the sonication technique
is the most straightforward technique and require small sample size, as low as ~ 100
pL, to produce SCB microdroplets of ~ 100 nm to 10 um (Concellén, 2023). Optical
trapping experiment only uses minimal sample volume ~ 5-10 pL sample volume.
Vertexing and homogenization produce bigger microdroplets ~ 1-100 um, while
microfluidic and encapsulation techniques are complex process and time-consuming
for microdroplet production (Concellén, 2023; Wang et al., 2017). This also includes
the production of the microdroplet using a microtube, which is also complex and
generates bigger microdroplets (>10 um) (Duan, Hao, et al., 2020; Duan, Li, et al.,
2020; Yan et al., 2017). The bigger microdroplet is inert to the pico-newton optical
force of optical tweezers; hence, smaller microdroplet (<1-3 um) range size is suitable
to be used for optical manipulation. In this study, deionized water is used as the medium

because water is the simplest and basic liquid.

3.4.1 Bipolar SCB Microdroplet Solution Preparation

In this research, 0.5 ul of a liquid 4-cyano-4’-pentylbiphenyl (5CB) (Sigma Aldrich,
CAS-No. 40817-08-1) was pipette in 2 mL plastic vials containing 1.0, 1.5, and 2.0 mL
of deionized water (18.2 Qm™") respectively to prepare 5CB microdroplet suspension

with bipolar internal configuration. Figure 3.21 shows the purchased 4-cyano-4’-
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pentylbiphenyl (5CB) in a glass bottle. The SCB is a liquid at room temperature, as seen

in Figure 3.21.

Figure 3.21. The snapshot of purchased 4-cyano-4’-pentylbiphenyl (5CB) in a glass
bottle.

5CB microdroplet suspension obtains a bipolar t internal configuration when it
is dispersed in deionized water. Furthermore, the SCB microdroplet was prepared at
room temperature (22°C), the ideal temperature for SCB microdroplet suspension to
obtain the nematic phase. The schematic diagram of the bipolar SCB microdroplet

suspension solution production is summarized in Figure 3.22.

Figure 3.22. The schematic diagram of bipolar 5CB microdroplet suspension solution
production.
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The 0.5 uL liquid 5CB and deionized water mixture in a 2 mL vial were shaken
using a test tube shaker for 30 s to facilitate the microdroplet generation process and
prevent the liquid 5CB from sticking at the bottom of the vial. Then, the ultrasonic bath
(GT Sonic, VGT-1620QTD) was used to sonicate the mixture of the liquid SCB and the
deionized water to produce a homogenous 5SCB microdroplet suspension. Figure 3.23.
illustrates the sonication of the mixture of the liquid SCB and deionized water, and it
was immersed in the water for the sonication process to produce SCB microdroplet

suspension.

Figure 3.23. The snapshot of the sonication process of liquid SCB and deionized
water mixture to produce a 5SCB microdroplet suspension solution.

A tweezer held the sample vial containing the mixture at 45° (estimated using
protractor) and fully immersed in the water for sonication, as shown in Figure 3.23. The
sonication time was varied from 1.0, 2.0, 3.0, and 10.0 minutes to examine the effect of
the sonication time on the generated size of bipolar SCB microdroplet suspension. Due

to the sonication process, the cloudy color suspension was formed when 5CB
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microdroplet suspension was mixed homogenously in deionized water. The sonication
process breaks down the large SCB microdroplet size into smaller sizes. Due to the fact
that SCB has lower water solubility, thus the formation of the SCB microdroplet was
possible. Figure 3.24 shows the mixture of liquid SCB and deionized water (a) before

and (b) after the sonication process.

Figure 3.24. The snapshot of the mixture of the liquid 5CB and deionized water (a)
before and (b) after the sonication process. The cloudy solution was formed after
sonication, indicating the formation of the SCB microdroplet suspension.

Then about 5 pL of the solution was added to the sample chamber with a
micropipette. Figure 3.25 (a)showsthe sample chamber constructed from a
sandwiching glass slide with two strips of double-sided tape. A glass coverslip
(Matsunami, #0, thickness <0.12 mm) was used to cover the sample in the sample
chamber and subsequently form a chamber with a thickness of about 150 um. The
thickness of the cell chamber was performed using an vernier caliper. The thickness of
the glass slide and cover glass was initially measured. The space that form in between
the glass slide and coverslip assembled with double-sided tape was obtained by
measuring the whole completed cell chamber and subtracting with the thickness of the
glass slide and coverslip. Figure 3.25 (b)-(c) shows the picture of the finished sample

chamber and the side view used for experiments and applications with optical traps.
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The 5CB microdroplet suspension solution that filled the finished cell chamber could
now be observed and examined under the optical microscope. Finally, the cell chamber

was positioned on the intended sample stage of the optical microscope.

Figure 3.25. The image of the cell chamber (a) the SCB microdroplet suspension was
dropped on the glass slide, (b) the cover glass was assembled to the glass slide with two
strips of double-sided tape, and (c) the schematic diagram of the cell chamber.

3.4.2 Radial 5CB Microdroplet Solution Preparation

The preparation of the radial SCB microdroplet suspension in the water slightly differs
from the bipolar SCB microdroplet suspension. The surfactant is required to modify
and anchor the surface of the 5CB microdroplet to produce 5CB microdroplet
suspension with radial internal configuration. There was an initially necessary
procedure to produce radial SCB microdroplets, which was to determine the minimum

Centrimonium Bromide (CTAB) volume to change all the bipolar 5CB microdroplets
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to radial 5CB microdroplets. This was done by adding several CTAB solutions of 2%
g/mL (w/v) concentration of varied volume to the 2 mL bipolar SCB microdroplet
suspension solution of increment 5 pL. The CTAB Critical Micelle Concentration
(CMC) to trigger the transition of bipolar to radial configuration of SCB microdroplet
is 13 uM (Murazawa, Juodkazis, & Misawa, 2005; Murazawa, Juodkazis, Matsuo, et
al., 2005a). The prepared 2% g/mL (w/v) of CTAB solution is equal to 54877 uM more
than CTAB CMC (13 uM) to generate radial SCB microdroplet. The radial SCB
microdroplet suspension formation was observed and determined under an optical
polarized microscope. Figure 3.26 shows the snapshot of the bipolar 5CB microdroplet

suspension solution exposed to the different volumes of CTAB solution.

Figure 3.26. The effect of the CTAB solution volume on the formation of the radial
5CB microdroplet suspension.
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Figure 3.26 highlights the effect of the CTAB solution of 2 % (w/v) of a
different volume exposed to the bipolar SCB microdroplet in 2 mL of deionized water.
Figure 3.26 (a) shows the SCB microdroplet suspension in water exposed to 5 uL of
CTAB solution. It could be observed that a mixed composition of the bipolar and radial
internal configurations existed together. Then, Figure 3.26 (b) shows the 5CB
microdroplet suspension in water that was exposed to the 10 pl of CTAB solution. The
composition of the SCB microdroplet exhibited both bipolar and radial configurations
when observed under an optical microscope. Then the CTAB solution volume added to
the 5CB microdroplet suspension was increased to 20 uL as shown in Figure 3.26 (c).
All the 5CB microdroplets observed under the optical microscope showed radial
internal configuration when the 5CB microdroplet was exposed to 20 pL CTAB
solution volume. Next, the SCB microdroplet suspension was added with 30 uL of
CTAB solution, and the microscopic image of the SCB microdroplet suspension is
shown in Figure 3.26 (d). It was observed that when 30 uL. CTAB solution volume was
used, all the SCB microdroplets exhibited radial internal configuration. Based on this
observation, the minimum CTAB volume of 2% g/mL (w/v) should be used to ensure
all the 5CB microdroplets in 2 mL of deionized water were 20 uL. Below the 20 pL
volume of CTAB, the 5CB microdroplet exists in both a bipolar and radial

configuration.

First, 0.5 puL of the liquid 5CB was pipette in the clean 2 mL plastic vials
containing 1.0, 1.5, and 2.0 ml of deionized water to prepare SCB microdroplet
suspension with the radial internal configuration. Next, a 20 pL of CTAB of 2% (w/v)
concentration solution was pipette to the mixture of the liquid 5CB and deionized water

to generate SCB microdroplet suspension. The mixture was then shaken for 30 s to
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avoid a liquid 5CB stick at the bottom of the vial and dispersed in the mixture. The
schematic diagram of the summarization procedure for radial 5CB microdroplet

suspension solution is shown in Figure 3.27.

Figure 3.27. The schematic diagram summarizes the production of the radial 5CB
microdroplet suspension solution.

An ultrasonic bath (GT Sonic, VGT-1620QTD) was used to sonicate the
mixture of the liquid 5CB, deionized water, and CTAB solution to produce a
homogenous 5CB microdroplet suspension of radial internal configuration. The
sonication time was varied from 1.0, 2.0, 3.0, and 10.0 minutes to examine the effect of

the sonication time on the size of the 5CB microdroplet formed.
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3.4.3 SCB Microdroplet Observation by Optical Microscopy

An optical microscope is essential for viewing and observing the sample in the cell
chamber. This study used the Inverted Metallurgical Microscope GX51 from Olympus
to observe the SCB microdroplets' dynamic and size. This microscope uses a 20x
magnification and 0.9 numerical aperture (NA) air-type objective lens. The actual
image of the Inverted Metallurgical Microscope GX51 used in the experiment is shown

in Figure 3.28.

I1lumination Sample Stage

lamp

Objective lens | Focus adjustment

Figure 3.28. The actual image of the Inverted Metallurgical Microscope GX51 for
observing and viewing purposes.

The procedure for using the Inverted Metallurgical Microscope was easy. First,
the sample chamber was placed on the sample stage. Then, the illumination lamp was
turned on so that light illuminated the sample. Finally, use the focus adjustment to focus
the image of the 5C microdroplets until the image of the sample is visible and apparent.
The schematic diagram of the Inverted Metallurgical Microscope GX51 is shown in

Figure 3.29.
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Figure 3.29. The schematic diagram of the Inverted Metallurgical Microscope GX51.

The image of the sample was then recollected by the objective lens and passed
through the analyzer before being reflected by the dichroic mirror to the CCD camera.
The CCD camera recorded the image of the sample and live video at the focus plane.

The recorded image and video were saved in PNG and MKYV files for post-analysis.

An example of the sample image in which the SCB microdroplet suspension
solution is at the specific focal plane is illustrated in Figure 3.30. Several circular
images indicated the SCB droplets of various sizes dispersed in the dispersion medium
(water). The focus adjustment can be adjusted to obtain the precise image of the particle
(5CB) microdroplet images. In addition, the microscope stage can be moved in x and y
directions to the observed particle at a different location. The image must be calibrated
before analysis can be done. The calibration of the image will be explained in the next

section.
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Figure 3.30. The actual particles (SCB microdroplet images) are seen at the specific
focal plane.

3.4.4 Image J Optical Microscope Calibration

Before any measurement, calibration of the pixel to micrometer of the image by ImageJ
software is critical. First, the user must find the distance correlation between the unit
pixel and the meter. The failure to calibrate ImageJ software will cause inaccurate
measurements. Clicking the Imagel] program icon will open the front panel of the

Imagel] software. For example, the front panel of the ImageJ software is shown in Figure

3.31.

Figure 3.31. Front Panel of ImageJ software.
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Typically, for an optical microscope, the image of the calibration slide can be
used to calibrate the Image] software. Then upload the captured image of the calibration
slide by dragging it to the front panel of ImageJ software. The image of the calibration
slide viewed using an air-type objective lens (0.45 NA and 20x magnification) is shown
in Figure 3.32 (a) and the front panel of an uploaded image of the calibration slide ruler

in Imagel software in Figure (b).

Figure 3.32. (a) The image of the calibration slide ruler was observed under an inverted
optical microscope (20X objective lens), (b) the front panel of an uploaded image of
the calibration slide ruler in ImageJ software.

The straight-line measurement function can be selected from the front panel of

the ImagelJ software, as shown in Figure 3.33.

Figure 3.33. The snapshot of the straight-line measurement function is labeled with a
dashed circle.
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The given distance between the two scales of the calibration scale ruler is 10
um. Then, the distance of the calibration ruler scale was measured using the straight-
line option in the ImageJ software to find the distance in unit pixels, as shown in Figure
3.33. To make this process easier, the image of the calibration slide ruler was zoomed
out (150 % from the actual image) to make measurement easy and efficient, as

illustrated in Figure 3.34.

Figure 3.34. The zoomed Figure 3.32 (b) to demonstrates the Measurement of the
distance between two scales of calibration ruler by a straight-line measurement. The
obtained length was 40.608 pixels.

A straight-line option measured the distance between the two scales on the
calibration ruler, as shown in Figure 3.34. The measurement showed that the distance
was 40.608 pixels. Ten distance measurements were performed to find the average

value. The measurement made by the ImageJ software is illustrated in Table 3.4.
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Table 3.4

Measurement of length in unit pixels by ImageJ.

Label Measurement  Length (pixels)
1 41.231
2 41.773
3 40.608
4 39.051
5 40.460
6 40.460
7 41.231
8 39.051
9 40.361
10 41.231
Mean 40.546
Standard Deviation 0.909

The average distance between the two scales of the calibration ruler was 40.546
+ 0.909 pixels. The distance of the two scales in meters was 10 um, and the distance in

the pixels was 40.546 pixels, so the calibration factor was 4.0546 pixels/um.
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3.4.5 ImageJ Distribution Size (r) Measurement

The previous section has described the procedure to obtain the calibration factor pixel
per micrometer when the 0.45 NA, 20X air type objective lens. The calibration factor
measured was 4.0546 pixel/um and was used to measure the distribution size (r) of the

5CB microdroplets using ImageJ software. The measurement was referred to the

ImageJ User Guide (Ferreira & Rasband, 2012).

In order to use Imagel software for distribution size measurement of the SCB
microdroplet, the image of the 5CB microdroplet under the focus of the optical
microscope at a definite focal plane was recorded and saved in the format of PNG or
jpeg. The sample of uncalibrated 5CB microdroplets image under the polarized
microscope is shown in Figure 3.35 (a). The image of the 5CB microdroplets under the
polarized microscope must be calibrated before ImagelJ software can analyze the
distribution size. To start with, the image of the SCB microdroplet was imported to the

ImagelJ software, and the front panel of the SCB microdroplet image is shown in Figure

3.35 (b).

Figure 3.35. The snapshot of the (a) uncalibrated SCB microdroplet image under an
optical microscope and (b) front panel of uploaded 5SCB microdroplets images by
Image] software.
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Then, the uploaded 5CB microdroplet image was calibrated with the previous
calibration factor. Next, calibrate the uploaded SCB microdroplets image; it can be done
by clicking the analyze function and selecting the set scale option as shown in Figure
3.36 (a). The click of the set scale function will pop up the front panel for the set scale,

as shown in Figure 3.36 (b).

Figure 3.36. (a) Front panel for analysis and set scale function, (b) set scale front panel
for calibration.

In the set scale front panel, fill in the distance in pixels as 40.546, known
distance as 10 um, pixel aspect ratio was set to 1.0, and the unit of length in micrometer
(um). Then, once the OK button was clicked, the image was calibrated and ready for

distribution size analysis.

To measure the distribution size of the SCB microdroplet, the calibrated 5CB

microdroplets image must be converted to an 8-bits image. Figure 3.37 (a) shows the
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front panel for conversion of an 8-bit image and (b) the resulting SCB microdroplet

image after 8-bit conversion.

Figure 3.37. (a) Front panel for 8-bit image conversion and (b) image of 5CB
microdroplets after 8-bit conversion.

To convert the SCB microdroplets image to an 8-bit image, click the image and
8-bit option as shown in Figure 3.37 (a). The image is converted to an 8-bit image
because the threshold measurement can only recognize images in 8-bit. As a result, the
5CB microdroplets turned grayscale images, as shown in Figure 3.37 (b). The image of
the 5CB microdroplet was further modified by applying the bandpass filter and referred
to the ImageJ User Guide (Ferreira & Rasband, 2012). The function of the bandpass
filter is to enhance the image and the structure of the SCB microdroplets (Ferreira &
Rasband, 2012). Figure 3.38 (a) shows the front panel to impose the bandpass filter, (b)
FFT Bandpass Filter settings, and (c) the front panel of the 5CB microdroplet image

imposed with the FFT Bandpass Filter.
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Figure 3.38. The snapshot of the ImageJ front panel (a) front panel to impose bandpass
filter, (b) FFT bandpass filter setting, and (c) the resulting image of the FFT bandpass
filter imposed on the SCB microdroplet image.

To impose the FFT bandpass filter, click the Process, choose the FFT function,
and then click Bandpass filter, as shown in Figure 3.38 (a). The popup window of the
FFT Bandpass filter setting is shown in Figure 3.38 (b). The default setting of the FFT
Bandpass filter consists of a large filter structure down to 40 pixels, a small filter
structure up to 3 pixels, a suppress stripe set to none, and the tolerance of direction was
5% (Ferreira & Rasband, 2012). The result of the SCB microdroplet image after
imposing with an FFT Bandpass filter is shown in Figure 3.38 (c). The structure and

the circularity of the 5CB microdroplet become enhanced and contrast with the
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surrounding environment based on the default setting used. If the sample structure is
complex, small, or irregular, the setting in Figure 3.38 (b) can be adjusted according to
the complexity of the sample. This is significant to facilitate the auto measurement of
5CB microdroplet size in the later process. The distribution sizes could be measured

once the FFT Bandpass filter was applied to the SCB microdroplet image.

Next, the 5CB microdroplet image finished undergoing the FFT Bandpass filter
and was ready for distribution size measurement. Then, go to the ImagelJ front panel,
and click the Image option, as shown in Figure 3.39 (a). This resulted in a series of
display choices. First, choose the Adjust option and click threshold, as shown in Figure
3.39 (a). Next, the front panel of the threshold was displayed when the Threshold option

was clicked, as shown in Figure 3.39 (b).

Figure 3.39. The snapshot of the (a) front panel for the Threshold option and (b) front
panel for the “Threshold” setting.

The “Threshold” front panel is shown in Figure 3.39 (b). The ImagelJ software

automatically suggested the threshold setting. If the suggested threshold value is not
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suitable for measurement (if the threshold function highlights the intended particle
incorrectly), the threshold value can be adjusted manually. The threshold setting can
be adjusted by dragging the threshold or writing the required threshold value. The
threshold function was to highlight the shape of 5CB droplets that needed to be
measured. Figure 3.40 (a) shows the ImageJ automatic threshold highlighting the
visible 5CB microdroplet with the red color. Only the highlighted SCB microdroplets
will be measured in size. The ImageJ will not measure the unhighlighted microdroplet.
Once the user satisfaction with the suggested threshold or manually adjusts the
threshold, click the apply button to apply the threshold on the SCB microdroplet image.
As a result, the confirmed 5CB microdroplets' front panel will be displayed, as shown
in Figure 3.40 (b). Only the white 5CB microdroplet was measured, and the black
surrounding was the subtracted background to avoid interference with the

measurement.

Figure 3.40. (a) Image] automatic threshold highlighting the visible 5CB microdroplet
with the red color, (b) the image of SCB microdroplet after threshold measurement
made by Imagel.

After finishing the threshold part, the last step was the distribution measurement

size. To measure the distribution size of the SCB microdroplets, click the Analyze
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option from the ImageJ front panel. Then, choose the Analyze Particle option as shown
in Figure 3.41 (a). Clicking the Analyzer Particle option caused the Analyze Particle

front panel to pop up, as shown in Figure 3.41 (b).

Figure 3.41. (a) ImagelJ front panel view for Analyze Particle option, Figure 3.41 (b)
The front panel of Analyze Particles popup.

The measurement set was displayed on the front view of Analyze Particles, as
shown in Figure 3.41 (b). The setting was set as size (0 to infinity, default setting),
circularity (shape), 0 means not circle while 1 means most circle (0.00-1.00), and show
(users set this to Outlines). Tick the display results, summarize and exclude on edges

and click OK.

The measurement of each 5CB microdroplet on the SCB microdroplet image
was labeled and outlined and shown in Figure 3.42 (a). All the 5CB microdroplets that
were previously highlighted with threshold were measured in this section. The total

number of the microdroplets measured and the area of each of the SCB microdroplets
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was recorded and tabulated in the Table, as shown in Figure 3.42 (b). The ImageJ did
not directly measure the diameter or the radius of the SCB microdroplet, but it measured
the area of each of the SCB microdroplets. However, the Image] summarizes the
measurement’s total area and standard deviation. The radius of the SCB microdroplet
can be calculated using the equation

(3.4)

where A is the area of the circle, and r is the circle’s radius.

Figure 3.42. (a) Outlines the measured SCB microdroplet area, and (b) the tabulated
number and area of each measured SCB microdroplet.

The data of the SCB microdroplets area can be further analyzed to obtain the

radius or post-statistics analysis. In this study, ten frames of 5CB microdroplet images
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were taken at the same focus plane, and the average of the SCB microdroplet radius

was determined.

3.4.6 SCB Microdroplet Stability Measurement

The measurement of the microdroplet suspension stability and sustainability are
significant to estimate how long the suspension produced can remain to disperse, not
sink, avoid coalescence, and decrease the microdroplets after a specific monitoring
time. This measurement can be done by using UV-VIS spectroscopy. The estimation of
the microdroplet can be examined by observing the signal change of the UV-VIS
spectral for a certain period. UV-VIS is one of the alternative techniques that can be
used to study microdroplet suspension and stability in water. This study used UV-Vis

spectroscopy (Agilent 8453 Optics) to determine SCB microdroplet stability.

For UV-Vis measurement, bipolar SCB microdroplet solution was pipetted in
the cuvette for inspection of absorbance spectra. The absorbance spectra were
monitored for 1 hour with 5-minute increments. The same procedure was repeated for
radial 5CB microdroplet solution. Figure 3.43 shows the schematic diagram of the
cuvette filled with 1.8 mL of 5CB microdroplet suspension solution for UV-Vis

inspection.
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Figure 3.43. Schematic diagram of the 5CB microdroplet suspension (1.8 mL) for
stability inspection by UV-Vis spectroscopy.

The absorbance peak of the SCB microdroplet suspension sample at different
times was compared to determine its stability. The stability measurement is based how
long the 5CB microdroplet can remain and sustained at its position. If the 5CB
microdroplet was stable, the absorbance peak should be constant. However, if the
absorbance peak changed, that indicated instability. It is important to quantify how
much the absorbance peak changes through 1 hour monitoring time. This is because the
time for the optical process depends on how long the SCB microdroplet can suspend in
the sample. The absorbance percentage change (AA,) was calculated by equation

A; — Ay (3.5)

f

x 100

AA%:‘

where A; is the initial absorbance and Ay is the final absorbance.

3.5 The SCB Microdroplet Micro-Control [Phase 3]

First, 0.5 uL of the 5CB microdroplet suspension solution was filled into a cell chamber.
The sample chamber consisted of the bipolar SCB microdroplets suspension placed on

the piezostage of the Modular Optical Tweezers (OTKB/M) for the optical trapping
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process in the water. The z-adjusted knob of the piezostage, which controlled the focal
view, was adjusted until the free-moving SCB microdroplets could be seen on the PC's
live display of the CCD camera. After the image of the SCB microdroplets was visible,
turn on the trapping laser power to trap a single SCB microdroplet in the water. A
single bipolar 5CB microdroplet of different radii (r), at varied optical power density
(P) was trapped using a linearly polarized laser beam to find the dependency of corner

frequency and optical power density.

The size (r) of the trapped bipolar SCB microdroplet was measured by Imagel
software. The CCD camera recorded the image of the single optical trapping of the
bipolar 5CB microdroplet. The polarizer and analyzer were crossed to form a cross-
polarized view to confirm the trapping of the 5CB microdroplet and examine the
microdroplet's internal configuration during the optical trapping performed. The same
procedure was repeated for the optical trapping of several sizes of radial 5CB

microdroplets.

3.5.1 Microdroplet Internal Configuration Control

In order to study the orientation control of the trapped SCB microdroplet, the half-wave
plate was installed in the path of the trapping laser beam. In the context of our
experiment, the half-wave plate (Thorlabs, WPH10M-980 - @1" Zero-Order Half-
Wave Plate, SM1-Threaded Mount, 4 =980 nm) was used to manipulate linearly

polarized laser beam direction. The actual image of the used half-wave plate was
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illustrated in Figure 3.44 (a) the half-wave plate and (b) the schematic diagram showing
the position of the half-wave plate inserted in the optical path of the optical tweezers

setup.

b)

Figure 3.44. (a) The actual image of the half-wave plate and (b) the position of the half-
wave plate inserted in the optical path of the optical tweezers setup.

The half-wave plate was set to perpendicular (6: 0°), identical to the direction of
linearly polarized light in a perpendicular direction. The rotation of the half-wave plate
angle was in the range of 6:0° — 360°, changing the direction of the linear polarized
laser beam accordingly. Figure 3.45, the schematic diagram showing that the half-wave
plate was oriented to angle 8, to the incoming perpendicular direction linearly polarized

laser beam produced a horizontal linearly polarized laser beam to angle 26.
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Figure 3.45. The schematic diagram shows the half-wave plate was oriented to angle
0, to the incoming perpendicular direction linearly polarized laser beam produced a
horizontal linearly polarized laser beam to angle 26. Adapted from Standa Photonics.

After aligning the half-wave plate's fast axis with the perpendicular linearly
polarized light, the optical tweezers were ready to study the orientation control of the
5CB microdroplet. First, the single 5SCB microdroplet was trapped by a linearly
polarized laser beam at a specific laser power. Then, the orientation control of the 5SCB
microdroplet was performed by slowly adjusting the angle of the half-wave plate
starting from 6 = 0° until 8 = 180° with an increment of 30°. The effect of the linearly
polarized laser direction on the internal configuration inside the trapped 5CB
microdroplet was observed under optical microscopy and cross-polarized view. The
CCD camera recorded the image of the trapped 5CB microdroplet internal

configuration orientation change and displayed it live on the PC.
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3.5.2 5CB Microdroplet Rotational Control

To study the rotatability of the trapped single SCB microdroplet in water, the linearly
polarized laser beam was replaced with the circularly polarized laser beam. To
investigate the rotatability of the trapped single SCB microdroplet, a quarter wave plate
was installed in the path of the trapping laser beam. This study used a quarter wave
plate (WPQ10M-980 - O1" Zero-Order Quarter-Wave Plate, SM1-Threaded Mount,
A =980 nm) which functions to convert a linearly polarized laser beam to the circularly
polarized laser beam. The actual image of the used quarter wave-plate was illustrated
in Figure 3.46 (a) the quarter-wave plate, and (b) the schematic diagram showed the
position of the quarter-wave plate inserted in the optical path of the optical tweezers

setup.

b)

Figure 3.46. (a) The actual image of the quarter wave-plate and (b) the position of the
quarter-wave plate inserted in the optical path of the optical tweezers setup.
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The quarter-wave plate was set to perpendicular (6:0°), identical to the
direction of linearly polarized light in a perpendicular direction. The rotation of the
quarter-wave plate angle was in the range of 8:0° — 360°, changing the polarization
from linear, elliptical, and circular accordingly. The rotation of quarter-wave plate
angle (6:0°—360°) changed the light polarization; 0:0° = linearly polarized,
0:102 — 44° = elliptically polarized, and 8:45° = circularly polarized. Figure 3.47.
the schematic diagram of the quarter-wave plate oriented to angle 8 = 45° to the
incoming perpendicular direction linearly polarized laser beam, produced a circularly
polarized laser beam. The relative orientation of the quarter-wave plate at 45°, either to
the right or left, to the central axis of the initial polarization state of the incident linearly

polarized laser established right and left circular polarization.

Figure 3.47. The schematic diagram shows the quarter wave-plate was oriented to angle
6 =45°, to the incoming perpendicular direction linearly polarized laser beam produced
a left-handed circularly polarized laser beam. Adapted from Standa Photonics.

After aligning the fast axis of the quarter-wave plate 45° to the linearly polarized

laser beam, the resulting polarization was circularly polarized and ready for the optical



180

trapping process. The circularly polarized laser beam trapped the single 5CB
microdroplet, and the rotation of the trapped SCB microdroplet was observed under an
optical microscope and in a cross-polarization view. The SCB rotated when irradiated
and trapped by the circularly polarized laser beam because the light carries angular
momentum. The optical laser power used to trap and rotate a single SCB microdroplet
optically was varied to study the effect on the rotatability, specifically angular speed.
Next, the CCD camera captured the image of the trapped SCB microdroplet to measure
the r. As the trapped 5CB microdroplet rotated, the QPD signal reading was recorded

for each trapped SCB microdroplet video.

3.5.3. Translation and Polarization Control

The translation and micro-control of the trapped single SCB microdroplet in the water
by definite laser polarization were investigated. In this stage, the optically trapped SCB
microdroplet was controlled in two degrees of freedom: (1) translation and (2)
polarization control. The piezostage controlled the translation of the trapped 5CB
microdroplet in water via APT’s User Software. The interface of the APT’s User
Software is shown in Figure 3.48. Meanwhile, the polarization of the laser beam was

controlled by the half-wave plate and quarter-wave plate.

Figure 3.48. The snapshot of the APT’s User Software interface to control the
translation of the piezostage.
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The first part of the translational and micro-control was to simultaneously study the
translation of the trapped SCB microdroplet and the polarization control of the linearly
polarized laser beam. The CCD camera recorded the translation of the trapped 5CB
microdroplet and the effect of the retrapping. Figure 3.49 shows the schematic diagram
of the translation of the trapped particle by the piezostage control. The trapped 5CB
microdroplet was translated to the right and left by controlling the voltage supplied to

the piezostage via APT’s User Software.

Figure 3.49. The schematic diagram of the translation of the trapped particle by the
piezostage control.

A linearly polarized laser beam initially trapped a single SCB microdroplet. The
trapped SCB microdroplet was translated 5 um to the right when the 20 V voltage was
supplied to the piezostage using APT’s User software. Figure 3.50 shows the front panel

of the APT’s User to translate the piezostage to 5 um translation to the right.
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Figure 3.50. The front panel of the APT’s User translates the piezostage 5 um to the
right.

After the trapped SCB microdroplet was displaced to the right, the displaced
trapped SCB microdroplet was displaced from the trap spot. However, after a few times,
the displaced S5CB microdroplet was again attracted to the optical trap. Then, the
trapped SCB microdroplet was translated 5 um to the left when the voltage input to the
piezostage was set to 0 V and caused the trapped SCB microdroplet to displace from

the trap spot.

The displaced SCB microdroplet reattracted to the trap spot after a specific
monitoring time or could be escaped. The trajectory of the whole translation, right and
left, was recorded by the CCD camera, and the trajectory of the translation and trapping

was analyzed using Tracker Software.

The same procedure was repeated by changing the linearly polarized laser beam
to the circularly polarized laser beam. Figure 3.51 shows the schematic diagram of the
translation and micro-control of the trapped 5CB microdroplet under a circularly

polarized laser beam.
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Figure 3.51. The schematic diagram of the translation and micro-control of the trapped
5CB microdroplet under a circularly polarized laser beam. The trapped 5CB
microdroplet was rotated when the laser beam trapped it.

3.5.4 Trajectory Analysis of SCB Microdroplet

The translation and micro-control of the trapped SCB microdroplet by the linearly and
circularly polarized were monitored under the polarized optical microscope, and the
CCD camera recorded the translation video. The video of the translational and micro-
control of the trapped 5CB microdroplet under linear and circular polarization was
analyzed by using Tracker Software. This study used the tracker software to track the
position along the x-direction of the translated and micro-control of the trapped 5SCB

microdroplet under a linearly and circularly polarized laser beam.

To start tracking the motion of the trapped 5CB microdroplet in terms of
translational and micro-control under linearly and circularly polarized laser beam, the
video of the trapped SCB microdroplet was imported to the Tracker Software. Figure
3.52 shows the front panel of the Tracker Software to import the recorded video of the

trapped SCB microdroplet.
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Figure 3.52. The screenshot of the Tracker Software to import the recorded video of
the trapped SCB microdroplet.

After the recorded video of the trapped SCB microdroplet was loaded into the
Tracker Software, the loaded recorded video of the trapped SCB microdroplet was
calibrated with calibrated stick function and set to 2 um. The center of the 5CB
microdroplet was set as the origin, and the axis function was added as guidance. The
initial and final frames could be set according to the observer's preferences depending
on how much the tracking position data wants to be extracted from the recorded video.
Figure 3.53 shows the front panel display of the Tracker Software, indicating the
calibration of the recorded video of the trapped SCB microdroplet. Then the calibration

was finished.



185

Figure 3.53. The snapshot of the calibrated recorded video of the trapped 5CB
microdroplet by the Tracker Software.

After the trapped SCB microdroplet video was calibrated, the tracking process
was followed. Click the “Track” icon on the front panel of the Tracker Software and
choose the point mass function, as shown in Figure 3.54. After clicking the point mass
function, the user must mark the particle that must be tracked. This can be done by
clicking “shift,” “control,” and right-clicking on the intended interest particles. To make
the analysis and extraction of the position trajectory more convenient, the Autotracker

function provides a more straightforward tracking method.
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Figure 3.54. The snapshot of the Tracker Software interface demonstrated the tracking
procedure on the respected interest particle.

The interface of the Autotracker is illustrated in Figure 3.55. An additional front
panel corresponds to the Autotracker popup when the user clicks the Autotracker
function. Clicking the search button on the Autotracker front panel automatically

tracked the marked particle trajectory concerning the number of frames set constraint.

Figure 3.55. The snapshot of the Tracker Software's main front panel and the
Autotracker function's front panel.
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The data of the tracked particle by the Autotracker function was analyzed and
illustrated on the right side of the main front panel of the Tracker Software, as shown

in Figure 3.56. Figure 3.56 shows that the trapped particle was displaced to the right.

Figure 3.56. The snapshot of the Tracker Software, on the right side, shows the result
of the tracked particle presented in the form of graph position in the x-direction and y-
direction against time.

The graph shown in Figure 3.56 was enlarged and shown in Figure 3.57. The
corresponding x-direction trajectory to the translation of the trapped particle is shown

in Figure 3.57.
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Figure 3.57. The snapshot of the trajectory data from the translation of the trapped
particle.

The data of the trajectory of the translated trapped particle could be saved by
copying the data into an Excel document. The Tracker software provides a valuable

method to track the position of the trapped particle.

3.6 Corner Frequency (f.) and Angular Speed (w) Measurement [Phase 4]

3.6.1 Corner Frequency (f.) Flowchart Analysis

Figure 3.58 illustrates a series of flowchart analyses of radius (), and corner frequency
(f2), using ImageJ and a custom-made program Optical Tweezers Calculator (OSCal).
First, a single 5CB microdroplet is trapped in water. The image of the trapped 5CB
microdroplet was snapped and recorded by a CCD camera. QPD recorded the trapped
5CB microdroplet signal via an oscilloscope. The image of the trapped 5CB
microdroplet was uploaded in ImagelJ software for r analysis. Next, the QPD signal of

the trapped 5CB microdroplet collected from the oscilloscope required editing by using
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Excel so that it could be read by the OSCal software algorithm during the uploading
process. Lastly, the fitting process was performed to determine the average data
fc based on the Y-Power spectrum. Based on the average data f. obtained from the
OSCal software, the relationship between corner frequency, laser power density, and
radius of the 5CB microdroplet could be shown by plotting the graph of corner

frequency versus laser power density.
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Figure 3.58. The flowchart for measuring SCB microdroplet radius (r) and corner
frequency (f.) using the ImageJ program and OSCal program.
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3.6.2 SCB Microdroplet Radius () Measurement

The trapped 5CB microdroplet size (r) was measured immediately after the optical
trapping of a single SCB microdroplet was successful. After optical tweezers managed
to trap a single 5CB microdroplet, the image of the SCB microdroplet was snapped by
the CCD camera. The selected image of the trapped SCB microdroplet was uploaded to
Image] software. The Imagel software measures the size (r) of the optically trapped
5CB microdroplet. Figure 3.59 shows the uploaded and calibrated image of the trapped

5CB microdroplet in the ImageJ software.

Figure 3.59. The snapshot of the ImagelJ Software front panel showed the uploaded and
calibrated image of the trapped 5CB microdroplet.

The conventional technique to measure r could be done by measuring the
trapped SCB microdroplet length in the x- and y-plane, as shown in Figure 3.64.
However, this measurement was done manually and might cause deviation. To
minimize the deviation from the manual measurement, the SCB microdroplet size ()
was measured automatically using the Threshold function provided by the Imagel

software. The Threshold function automatically measures the area of the trapped SCB
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microdroplet and accurately measures the 5CB microdroplet size. To do this
measurement, the image of the trapped 5CB microdroplet in Figure 3.59, initially in
RGB image, was converted to an 8-bit image. Figure 3.60 shows the converted RGB

image of Figure 3.60 to the 8-bit image.

Figure 3.60. The snapshot of the converted trapped SCB microdroplet RGB image in
Figure 3.59 to 8-bit.

Then the threshold of the trapped 5SCB microdroplet in Figure 3.60 was adjusted
by clicking the Image > Adjust > Threshold on the Image] front panel. The clicking of
the threshold function resulted in the display of the Threshold front panel and the

corresponding threshold measured panel, as shown in Figure 3.61 (a) and (b).
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Figure 3.61. (a) The snapshot of the Threshold front panel and (b) the corresponding
display of the threshold measured on the trapped SCB microdroplet image.

Figure 3.61 (a) shows the auto threshold set and detected by the ImageJ software
to measure the area of the trapped SCB microdroplet. The user could adjust the
threshold according to their preferences. Still, in this study, because the trapped 5CB
microdroplet image was clear and high resolution, the auto threshold was enough to
measure the area of the trapped 5SCB microdroplet correctly. Then, once the user is
satisfied with the suggested threshold by the ImageJ software, click the “Apply” button.
Next, click the Analyze button, Analyze Particles button and click OK to measure and
obtain the area of the trapped SCB microdroplet. Figure 3.62 shows (a) the front panel
of the image of the trapped SCB microdroplet measured according to the set threshold
and (b) the front panel to analyze the area of the trapped SCB microdroplet by Imagel

software.
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Figure 3.62. (a) The snapshot of the image of the trapped SCB microdroplet measured
according to the set threshold in Figure 3.76 and (b) The snapshot of the Analyze
Particles front panel to measure the area of the trapped SCB microdroplet.

The area of the trapped 5CB microdroplet was measured when the OK button
in Figure 3.62 was clicked. Figure 3.63 shows (a) the snapshot of the front panel of the
measured image of the trapped 5SCB microdroplet and (b) the snapshot of the results of
the area of the measured image of the trapped 5CB microdroplet done by Imagel

software.

Figure 3.63. (a) The snapshot of the front panel shows the measured area of the trapped
5CB microdroplet image by ImagelJ software. Figure 3.63 (b) The snapshot front panel
shows the result of the area measured of the trapped SCB microdroplet image by Imagel
Software.



195

The area of the trapped SCB microdroplet measured by the Image Software was
26.541 um?. The area of the trapped 5CB microdroplet (A) is related to the microdroplet

size (r) by the equation

(3.4)

Hence, the trapped SCB microdroplet radius (r) obtained using ImageJ software
was 2.9 um. The same step was repeated to measure the different sizes of the trapped
5CB microdroplet. This measurement provides consistent measurement and minimizes
the deviation from manual measurement. For better understanding, measuring the size
(r) of the trapped 5CB microdroplet is important. The size of the trapped 5CB
microdroplet (r) is related to the parameter between f. and k. The size of the trapped

5CB microdroplet (7), f. and ky are related by the equation

kr = 2myof. (2.17)

where y, = 6mnr, 1 : surrounding medium viscosity, and r : 5CB microdroplet radius.

3.6.3 Corner Frequency (f.) Analysis

The QPD signal of the trapped SCB microdroplet was saved by oscilloscope in the

American Standard Code for Information Interchange (ASCII) file. A USB drive was
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used to transfer the File from the oscilloscope to the PC. Figure 3.64 shows that the File

was modified in Excel before being uploaded to OSCal.

Figure 3.64. Process of deleting headers inside Columns A1l to C15 of the signal data
in Excel.

The header inside columns A1 to C5 was deleted and replaced with signal data.
OSCal only reads and accepts signal data in columns A (x-value) and B (y-value). The
data was then uploaded to OSCal software developed by Yunus (H. Wang et al., 2011).
Power Spectrum Density Module from OSCal software was used to calculate f. and
kr. Figure 3.65 illustrates the OSCal interface. The default sampling duration was 1 s

and can be changed according to user preferences.
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Figure 3.65. The interface of OSCal without any voltage signal data.

The modified File was uploaded to OSCal software by clicking the Upload Data
button, as shown in Figure 3.65. The user was required to select the File to be read by

the OSCal software.

Figure 3.66. Selecting the directory of the data stored in the USB drive.
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For instance, clicking “20220808 5CB Trapping Folder” displayed a series of
CSV files containing modified QPD signal data of SCB microdroplet trapping, as
shown in Figure 3.66. Clicking a specific CSV file and OK caused OSCal software to

read the selected File.

Figure 3.67. Data selection to upload into OSCal software.

The clicking of OK resulted in the displayed QPD signal of the trapped 5SCB
microdroplet, as shown in Figure 3.68. Two QPD signals were displayed on the OSCal

interface; a yellow x-voltage signal and a y-voltage signal.
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Figure 3.68. The QPD voltage signal is displayed in the OSCal interface.

The Power Density Spectrum (PSD) interface was displayed when the Y-Power
Spectrum tab was clicked in Figure 3.68. The interface of the Y-Power Spectrum is
illustrated in Figure 3.69. f. and k analysis required only one dimensional to justify
the confinement and trap strength. Hence, the measurement was performed on the y-
axis data in this study. Fourier transforms (FT) convert time domain signals into
frequency domain signals. FT was imposed on the QPD voltage signal, resulting in

power spectrum density.
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Figure 3.69. OSCal interface for Y-Power Spectrum of 3.0 um 5CB microdroplet.

The are several important things that users must take into account. The starting
fitting point, SCB microdroplet radius, kinematic viscosity, and temperature are
essential parameters while using OSCal software and could be adjusted according to
user experimental conditions. The fitting start point depends on the user’s preferences.
For example, the fitting start point used in Figure 3.69 was 2 — 10000 Hz. The radius of
the trapped 5CB was 1.5 um. The water kinetic viscosity at 25 ° was 1 X 10 pm%/s.
Once all the parameters were set accordingly, the fit button was clicked to start fitting

the power spectrum, as represented by the white line in Figure 3.69.

Figure 3.70 shows the power spectrum fitted with Lorentzian fitting. For optical
trapping, the Fourier transform of its trapped time-domain signal will come out as
exponential decay function or bell-shaped curve addressed as the Lorentzian profile.
The calculated f. and k; for 1.5 um 5CB microdroplet was 12.18 Hz and 2.165 X 106
N/m. The fitting process was repeated with different fitting start points to find the

average f. and k.
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Figure 3.70. The result of the power spectrum fitted with Lorentzian fitting.

3.6.4. Angular Speed (w) Measurement

Figure 3.71 shows the rotatability analysis of trapped SCB microdroplets. The circularly
polarized laser beam from the half and quarter wave plate trapped a SCB microdroplet
in water. The trapping using circularly polarized light resulted in microdroplet rotation.
The image and the optical signal of the rotated SCB microdroplet were recorded and
collected by the CCD camera and QPD. The radius () of the trapped SCB microdroplet
was determined using ImagelJ. The angular speed (w) was determined by analyzing the

QPD signal of the rotating SCB microdroplet.
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Figure 3.71. The flowchart for the rotatability of trapped SCB microdroplet analysis.
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3.6.5 5CB Microdroplet Angular Speed (w) Analysis

The circularly polarized laser beam trapped and rotated a SCB microdroplet in water.
Image]J software measured r of the trapped 5SCB microdroplet using the previously
described procedure in section 3.6.2. Then, the angular speed (w) of rotating SCB
microdroplets was quantified based on the QPD signal analysis. The QPD signal
records the SCB microdroplet rotating signal for 1 s. The light polarization direction
was in line with the y-axis. Therefore, only the y-axis QPD signal was analyzed. Figure

3.72 shows the graph of QPD signal voltage against time for rotating 5CB

microdroplets.
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Figure 3.72. The graph is plotted from the QPD signal to determine the average time
for a complete 27 rotation.

The average time (tq,4) to complete 27 rotation was calculated from peak to

peak time (t; and t,) and number of complete rotation f by using equation
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(= t) (3.6)

tavg f

and the 5CB microdroplet angular speed (w) was calculated using the equation

2m (3.7)

3.7 Microdroplet Trapping in CTAB Solution [Phase 5]

The flowchart of the optical trapping of a single SCB Microdroplet in CTAB solution
is shown in Figure 3.73. The experiment was started by trapping a single bipolar 5SCB
microdroplet. The initial configuration and QPD signal of the trapped 5CB
microdroplet was recorded. Then, the CTAB solution was introduced to the trapped
bipolar 5CB microdroplet. Next, the CCD camera and QPD record the internal
configuration and optical signal inside the trapped 5CB microdroplet. The Imagel
software measured the r of the SCB microdroplet. The displacement variance was

calculated and analyzed from the QPD signal obtained.



205

Figure 3.73. The flow chart of the optical trapping of a single SCB microdroplet in
CTAB solution.
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3.7.1. 5CB Microdroplet Trapping in CTAB Solution

This experiment required a specially made cell chamber for the optical trapping process.
Hence, a micro cover glass from Matsunami with a dimension 35 mm x 50 mm was
sandwiched with another cover glass of 20 mm x 20 mm. A double-sided tape was used
to attach and assemble the two cover glasses. The schematic diagram of the cell

chamber (a) top view, (b) side view, and (c) the actual image is shown in Figure 3.74.

Figure 3.74. The schematic diagram of the cell chamber (a) top view and (b) side view.
The actual image of the cell chamber is shown in (¢).

Next, the cell chamber was filled with 10 pl of diluted 5CB microdroplet
solution and was placed on the piezostage to be viewed under a CCD camera. The z-
adjusted knob of the piezostage was adjusted to obtain the focal plane of the cell
chamber. Once the focal plane was found, the x and y-adjusted knob of the piezostage
was adjusted to find the free-moving SCB microdroplet in the sample chamber. The

5CB microdroplet must be free moving and cannot be stuck to the cover glass wall. A
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near-infrared laser beam of 976 nm wavelength with a linear polarization was used to
trap a single 5CB microdroplet in the water. The single trapped SCB microdroplet focal
plane was adjusted until the CCD camera captured a clear, sharp image of the 5CB and
displayed it on the PC for observation. Once the trapping was stable, a cross-
polarization view was performed to determine the internal configuration of the trapped
5CB microdroplet. The internal configuration of the trapped SCB microdroplet must
exhibit bipolar internal configuration, which was verified by observing the SCB under
a cross-polarization view. The initial bipolar internal configuration was captured and
recorded by the CCD camera to compare it with the final internal configuration once
the surfactant solution was introduced to the trapped 5CB microdroplet. The QPD

detected the initial QPD signal of the trapped SCB microdroplet and

The next step was to introduce the CTAB solution to the trapped 5CB
microdroplet. Hence, a 20 pL of the CTAB solution having 10 g/mL concentration
was carefully dropped using a micro syringe at the edge of the cell chamber containing
trapped bipolar 5CB microdroplet, as shown in Figure 3.75. This process was so critical
because the trapped bipolar SCB microdroplet was displaced from the trap spot if the

process of dropping the CTAB solution was not performed carefully and slowly.
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Figure 3.75. Schematic diagram of adding CTAB solution to the sample chamber edge.

Figure 3.75 shows the schematic diagram of introducing the CTAB solution to
containing the trap SCB microdroplet to the cell chamber. The CTAB solution dropped
at the edge of the cell chamber was slowly diffused when it came into contact with the
diluted 5CB microdroplet solution in the cell chamber. The bipolar internal
configuration of the trapped SCB microdroplet was monitored using a cross-polarized
view, and the image was recorded by the CCD camera and displayed on the PC. At the
same time, the scattered signal of the trapped SCB microdroplet was detected by the
QPD, and the signal was displayed and recorded by the oscilloscope. The transition
change of the bipolar internal configuration of the trapped 5CB microdroplet was
monitored continuously via cross-polarized view and optical signal change until the
trapped SCB microdroplet was utterly changed to the radial internal configuration. The
visual monitoring of the internal configuration of the trapped SCB microdroplet was
continued and stopped when the radially internal configuration of the trapped 5CB
microdroplet formed. The visual change in the internal configuration was recorded and
compared with the initial and final states. In the meantime, the QPD signal of the

transition change from bipolar to the radial internal configuration of the trapped 5CB
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microdroplet was analyzed to determine the trajectory change when the transition

happened.

3.7.2 Displacement Variance (o) Analysis

The 5CB microdroplet radius was measured using the procedure in section 3.6.2. The
trajectory of the trapped particle by the optical tweezers contains information about the
strength of the optical force. The trajectory of the trapped particle in a region of weak
optical force confinement covers a broad position distribution, indicating that the
trapped particle was held weakly by the optical force. Meanwhile, the trajectory of the
trapped particle in a region of strong optical force produces a sharp position
distribution, indicating that the trapped particle is held tightly by the optical force. The
trajectory of the trapped particle can be used as a parameter to determine the strength
of the optical force. There is a direct relationship between the trajectory of the trapped
particle and the optical force. The displacement variance (o2) is related to the trajectory

along the y-axis by the equation

(0')2 =< (y - yavg)z > (2.9)

where o2 is the displacement variance, y is the position of the trapped particle along
the and yq,4 is the average position of the trapped particle along the y-axis. The optical

force is related to the trajectory of the trapped particle by the equation



210

TZ?L)Y; 2.11)
o

wherek is the optical stiffness, kp is the Boltzmann constant, T is the temperature and

o? is the displacement variance.

From equation 2.6, if the displacement variance increases, the optical stiffness
is weaker, directly reflecting the weak optical force. Meanwhile, the decrease in the
displacement variance indicated the strong optical stiffness, which reflects the stronger
optical force. Displacement variance is another parameter that can be used to determine

the strength of the optical force other than calculating the corner frequency (f).

In the experiment context, the single SCB microdroplet of definite internal
configuration was trapped at specific laser power, and the QPD collected the scattered

laser trapping signal.
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Figure 3.76. The graph of voltage against time represents the trajectory of the trapped
single 5CB microdroplet in water.

The QPD recorded three types of signals: x-signal, y-signal, and sum signal, as
shown in Figure 3.76. All three signals were taken and recorded to justify the
displacement variance of the trapped particle during the transition change of the trapped
5CB microdroplet from bipolar to radial. The raw data of the trajectory was pasted and
sorted in an Excel document. The displacement variance was calculated using the

variance function in the Excel data analysis function.
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3.8. Summary

This chapter describes the experimental work of this research. The research started with
the optical tweezer’s assembly and alignment, 5CB microdroplet suspension
preparation, optical trapping of a single SCB microdroplet using linear and circular
polarized light, micro-control of trapped 5CB, analysis of corner frequency, f., angular

speed w, and displacement variance o of the trapped SCB microdroplet.



CHAPTER 4

RESULTS AND DISCUSSION

4.1 Introduction

This chapter describes the experimental results obtained from this study. The first part
discusses the formulation of the SCB microdroplet suspension, distribution size (1), and
stability. The observation of the optical trapping of bipolar and radial 5CB
microdroplets was discussed thoroughly in the second part of this chapter. The corner
frequency, f. and angular speed (w) of SCB microdroplet optical trapping in water at
different optical power densities (P) and sizes (r) are discussed. The last part of this

chapter discusses the observation of the transitional change of the internal configuration
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from bipolar to radial and the QPD optical signal of the trapped bipolar 5CB

microdroplet to radial by the exposure to CTAB solution.

4.2 The Production of SCB Microdroplet Suspension

The production of the SCB microdroplet suspension in water was formulated for two
types of internal configuration. This study formulated the production of the bipolar and
radial 5CB microdroplet suspension in water. The 5SCB microdroplet suspension in
water was produced by mixing deionized water, liquid 5CB, and surfactant. Then, the
mixture was sonicated for a specific time to produce a SCB microdroplet with bipolar
and radial internal configuration. The sonication technique was used primarily to
generate the SCB microdroplet suspension in water. The generated 5CB microdroplet
suspension, whether in a bipolar or radial configuration, was studied in terms of its
distribution size and stability for optical trapping applications. The effect of the
sonication time on the generated SCB microdroplet size (r) was investigated. The
stability and the sustainability of the SCB microdroplet suspension in water were

determined and monitored for 1-hour.

4.2.1 Effect of Sonication Time on the Size of SCB Microdroplet

The first objective of this research is to formulate the production of SCB microdroplets

within a suitable range to be optically trapped. This study involves the production of
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5CB microdroplets with bipolar and radial internal configurations. This was done by
controlling the volume of liquid 5CB and deionized water mixed to form the 5CB

microdroplet suspension and sonication time.

The effect of sonication time on the distribution size of the SCB microdroplet
form and its stability in water was investigated in this study. The freshly prepared 5SCB
microdroplet suspension of 5 pL volume was filled in a clean cell chamber. The effect
of sonication time on the size of the generated SCB microdroplets was examined by
placing the sample on an optical microscope. The size distribution (r) was analyzed to
obtain the average sample size after a given sonication time. The ImageJ software was
used to determine the distribution size (r) of the 5CB microdroplet suspension
concerning sonication time. Figures 4.1 and 4.2 show the observation image obtained
from the optical microscope for bipolar and radial sonication at 1, 2, 3, and 10 minutes.
The sonication time was selected in the range of 1, 2, 3 and 10 minutes to avoid the
heating effect on the 5CB microdroplet due to the sonication process. A longer
sonication process increases the temperature of water and destroys the SCB nematic

phase.

Figure 4.1 shows the snapshots of bipolar SCB microdroplet suspension under
optical microscopy sonicated at (a) t = 1 minute, (b) ¢ = 2 minutes, (c) t = 3 minutes,
and (d) t = 10 minutes for V,, = 1 mL. The inset shows the internal configuration of
the bipolar SCB microdroplet. Based on Figure 4.1 (a), the size of the bipolar 5CB
microdroplet suspension was relatively larger when the mixture of liquid 5CB and
deionized water was sonicated for 1 minute. When the sonication time was increased

from 2 to 10 minutes, as shown in Figure 4.1 (b)-(c), the size of the SCB microdroplet
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was relatively decreased accordingly based on the visual observation. The sonication
process dispersed the liquid SCB in the water, which coalesces the dispersed SCB to
form a microdroplet. The microdroplet can break off and form smaller microdrops
(Asadinezhad et al., 2019). Hence, a longer sonication time can result in a smaller

microdroplet (Adamow et al., 2017; Asadinezhad et al., 2019).

Figure 4.1. The snapshots of bipolar 5CB microdroplet suspension under optical
microscopy sonicated at (a) t = 1 minute, (b) t = 2 minutes, (c¢) t = 3 minutes, and (d)
t = 10 minutes for Vy,0 = 1 mL. The inset shows the internal configuration of the
bipolar 5CB microdroplet.

Besides that, the formation of the radial 5CB microdroplet suspension was also
observed under the optical microscope. Figure 4.2 shows the snapshots of radial 5CB
microdroplet suspension under optical microscopy sonicated at (a) t = 1 minute, (b) t

=2 minutes, (c) t = 3 minutes, and (d) t = 10 minutes for V,, = 1 mL. The inset shows
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the internal configuration of the radial SCB microdroplet. The size of the radial 5CB
microdroplet formed and observed at 1 minute sonication time was relatively bigger, as
shown in Figure 4.2 (a). At the same time, as the sonication time was increased from 2
minutes to 10 minutes, the size of the radial 5CB microdroplet was significantly

reduced visually, as shown in Figure 4.2 (b)-(d).

Figure 4.2. The snapshots of bipolar SCB microdroplet suspension under optical
microscopy sonicated at (a) t = 1 minute, (b) t = 2 minutes, (c¢) t = 3 minutes, and (d)
t = 10 minutes for Vy,, = 1 mL. The inset shows the internal configuration of the radial
5CB microdroplet.

The effect of sonication time during solution preparation on the size of
microdroplets in water was studied. Figure 4.3 shows the graph of the average radius
of 5CB microdroplets, r, measured after sonication for a specific time, (a) bipolar

and (b) radial.
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b)

Figure 4.3. The average radius r, of 5CB microdroplets versus sonication time for (a)
bipolar and (b) radial.
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Based on Figure 4.3 (a),  shows no apparent change from the sonication time
of 1.0 to 3.0 minutes for the suspension of bipolar SCB microdroplets for 1.0, 1.5
and 2.0 mL deionized water volume used. This trend of no apparent change in r was
in alignment when the sonication time was studied from 0.5 to 4 minutes of
chloroform microdroplet (Yeng et al., 2023). The possible reason is that the short
sonication time supplies smaller shear forces exerted to break down microdroplets
into smaller sizes (Asadinezhad et al., 2019). However, when sonication was
increased from 3 to 10 minutes, » showed a significant size reduction; when the
sonication time longer, it generated higher shear forces to break down large
microdroplets into smaller droplets (Asadinezhad et al., 2019). This trend is in
alignment with the average chloroform microdroplet size using sonication time from
4 to 10 minutes (Yeng et al., 2023) and the average size of gelation emulsion
sonicated from 3 to 9 minutes (Li et al., 2023). The same trend was obtained for the
5CB radial microdroplet suspension in Figure 4.3 (b), except for 1.5 mL deionized
water sample volume. r shows an increment from 3 to 10 minutes for radial SCB
microdroplet in Figure 4.3 (b). This trend is similar to the gelatin emulsion size
sonicated from 12-15 minutes (Li et al., 2023). The possible reason for the increasing
in size is due to the reduction of emulsifier adsorption on the droplet surface, which
causes microdroplet recoalescence (Asadinezhad et al., 2019). The emulsifier works
to prevent the merging of microdroplets, but longer sonication causes its reduction

(Urbanski et al., 2017).

In addition, the variation in the r size distribution also narrowed with
increasing sonication time. The sonication process disperses the liquid 5CB in the

water, which coalesces the dispersed SCB to form a microdroplet. Microdroplets can
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break off and form smaller microdroplets during the sonication process (Li et al.,
2023). Therefore, a longer sonication time can result in smaller microdroplets, as
Figures 4.1 and 4.2 show (Asadinezhad et al., 2019). This result guides the estimation
of the desired microdroplet size production. Based on Figure 4.3 (a) and (b), a
sonication time of 1 minute was sufficient to produce a large variation in the
microdroplet size. Therefore, the size of the microdroplet can be chosen within the
prepared solution for a specific purpose. In addition, 2 ml of deionized water samples
produced the bipolar and radial 5CB microdroplet suspension with a dilute
concentration. The dilute concentration of the bipolar and radial SCB concentration
is recommended for optical trapping applications where optical trapping only
requires a single microdroplet. Too concentrated SCB microdroplet suspension is
unsuitable for optical trapping because the trap spot attracts too many 5CB
microdroplets, interrupting the optical trapping process (Chen et al., 2022). In
addition, the UV-Vis spectroscopy stability measurement needs a sample solution of
diluted concentration to allow a significant amount of light pass through the sample

and obtain the best absorbance signal (Nishii, 2021).

The distribution size (r) of the SCB microdroplet suspension produced in this
study was compared with the previously reported 5CB microdroplet using the
sonication method. The comparison was made to compare the distribution size between
pure SCB microdroplet suspension and doped SCB microdroplet suspension. Table 4.1
shows the comparison of the 5CB microdroplet average radius produced from
sonication. Sample 1 consisted of the dye-doped 5CB microdroplet produced from the

mixture of 5CB, deionized water, PVA and dye molecules (DCM, Coumarin 504,
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Coumarin 540) (Adamow et al., 2017) and was compared with a 2 mL sample of bipolar

and radial 5CB microdroplet solution.

Table 4.1

The comparison of 5CB microdroplet size produced from sonication.

Sample 1 2 3
Material 5CB, deionized water, 5CB and deionized 5CB, CTAB solution
PVA, and dyes water (bipolar). and deionized water
molecules (DCM, (radial).

Coumarin 504,
Coumarin 540)

(Adamow et al., 2017).

Dispersion 9 % PV A-water Deionized water Deionized water
medium solution
Time Average Time Average Time Average
(min) Radius (min) Radius (min) Radius
(um) (um) (pm)
10.0 34.17 1.0 1.21 1.0 1.09
15.0 8.53 2.0 1.19 2.0 0.98
20.0 8.13 3.0 1.07 3.0 0.97
255 4.17 10.0 0.90 10.0 0.86

According to Table 4.1, the sample 1 sonication time generated dye-doped SCB
microdroplets in the range of 10 to 30 minutes. The dye-doped 5CB microdroplet
average radius reduced from 34.17 um to 4.79 um as the sonication increased from 10

minutes to 30 minutes. This shows that the average radius of a dye-doped 5CB
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microdroplet decreases with increasing sonication time, as shown in Table 4.1. Despite
that, there was no information on the microdroplet average radius for sonication time
less than 10 minutes for sample 1. In sample 2, the sonication time increased from 1.0
minutes to 10.0 minutes, and the size of the SCB microdroplet significantly reduced
from 1.21 pm to 0.90 pm. In sample 3, the radius of the SCB microdroplet decreased
from 1.09 um to 0.86 um as the sonication time was increased from 1 minute to 10
minutes. The pure 5CB microdroplet has a similar trend to the dye-doped 5CB
microdroplet, where the average size decreased with the increase of sonication time
despite the dispersion medium being different. However, the average radius of pure

5CB microdroplets was relatively smaller compared to dye-doped SCB microdroplets.

At 10 minutes of sonication time, Sample 1 produced a SCB microdroplet of
34.17 um radius. Meanwhile, at 10 minutes of sonication time, Sample 2 and Sample 3
produce 5CB microdroplet sizes of 0.90 um and 0.86 pum, respectively. The 5CB
microdroplet sizes produced by the Sample 2 and Sample 3 are 97.36% and 97.48%
reductions compared to Sample 1. The possible reason why the average dye-doped 5CB
microdroplet in the sample 1 was larger was due to the dispersion medium of 9 % PVA-
water solution. The addition of 9 % PVA in deionized water reduces water viscosity
and leads to a bigger size microdroplet form (Shafiei et al., 2023). Sample 2 and Sample
3 contain pure SCB microdroplets dispersed in pure deionized water. The average SCB
microdroplet radius in Sample 3 was smaller than in Sample 2 because CTAB functions
as a surfactant to disperse, stabilize and prevent coalescence, hence resulting in a
smaller radius (Bartos et al., 2022; Shafiei et al., 2023). Hence, our technique showed

a smaller 5CB microdroplet production size.
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4.2.2 5CB Microdroplet Suspension Stability in Water

After the distribution size () of the bipolar and radial 5CB microdroplet suspension
was observed, the next step was to determine the stability of the bipolar and radial
5CB microdroplet suspension in water. The measurement of the stability of the
bipolar and radial 5SCB microdroplet suspension was conducted by using UV-Vis
spectroscopy. The absorbance of the SCB microdroplet suspension of bipolar and
radial configuration was monitored and recorded to determine the stability of the
microdroplet for 1-hour. The absorbance of the bipolar and radial SCB microdroplet
suspension in water was monitored every 5 minutes in increments time to determine

stability and sustainability systematically.

Figure 4.4 shows the absorption spectrum of a SCB microdroplet solution. The
arrow indicates the absorbance peak of interest to monitor the SCB concentration
along the light path of the cuvette (refer to Figure 3.43). The absorbance peak of the
bipolar 5CB microdroplet suspension in water was monitored at a specific
wavelength for 1 hour, as shown in Figure 4.4 (a) and (b). For example, the
absorbance peak of the bipolar SCB microdroplet suspension was higher at t = 0
minutes (the initial reading) compared to the absorbance at t = 60 minutes, as shown
in Figure 4.4 (a). This is because the freshly sonicated sample was measured
immediately under UV-Vis spectroscopy. The fresh sample contains a dispersion of
5CB microdroplets throughout the sample and the UV-Vis light path. As a result, the
absorbance recorded was highest at t = 0 min. There was a significant drop in the
bipolar SCB microdroplet suspension between monitoring time t = 0 min and t = 60

min. The 5CB density is 1.008 g/cm? and the water density is 0.9970 g/cm? at room
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temperature; hence, the SCB microdroplet tends to sink over time. As a result, the
decrease in the number of SCB microdroplets along the UV-Vis light path due to
sinking to the bottom of the cuvette and resulted in a decrease in absorbance. At the
same time, the absorbance of the radial SCB microdroplet suspension was also
measured and monitored, as shown in Figure 4.4 (b). The absorbance signal of the
radial 5CB microdroplet suspension showed the highest peak when the monitoring
time was 0 minutes and the lowest when the monitoring time was 60 minutes. It was
also observed that the wavelength peak shifted to the left due to the presence of
CTAB in the radial 5CB microdroplet sample. A similar trend was observed when
the copper nanoparticles were present in pure SCB (Srivastava et al., 2023). The
reduction of the absorbance at the peak wavelength of radial SCB microdroplet

suspension was similar to bipolar SCB microdroplets.
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b)

Figure 4.4. The absorption spectrum of SCB for a 1-hour monitoring period.
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The absorbance peak of the SCB microdroplets in the microdroplet solution
was observed for 1 hour to determine its stability. The microdroplets might sink or
collapse to form smaller or combine to form larger microdroplets during the
measurement period due to the difference in density of SCB and deionized water.
Figure 4.5 shows the graph of absorbance peak versus time in Figure 4.4 of 5SCB
versus time for (a) bipolar and (b) radial internal configuration. The absorbance
percentage change was calculated by using Equation 3.5. During the 1-hour
monitoring, there was a 22% and 11% reduction in bipolar and radial 5CB
microdroplets within 1 hour along the measurement path, as shown in Figure 4.5.
The absorbance of the 5CB microdroplet was compared with the absorbance of the
chloroform microdroplet because both used UV-Vis spectroscopy to determine the
microdroplet stability. It was reported that chloroform microdroplet absorbance
dropped about 2% when it was monitored using UV-Vis spectroscopy for 1 hour
(Yeng et al., 2023). This is because 2% of chloroform microdroplets sinking due to
the small difference between chloroform (0.53 cP) and water (0.89 cP) viscosities
(Yeng et al., 2023). The reduction trend was comparable with the reduction trend of
the chloroform microdroplet stability in water using the UV-Vis inspection (Yeng et
al., 2023). However, the reduction of the radial SCB microdroplets' absorbance was
less than that of the bipolar SCB microdroplets. The possible reason is that CTAB
changes the internal configuration and stabilizes the radial 5CB microdroplet (Barto$
et al., 2022; Urbanski et al., 2017; Yeng, Ayop, & Sasaki, 2022). On the other hand,
the reduction was due to the sinking of the SCB microdroplets at the bottom of the
cuvette (Yeng et al., 2023). In addition, the absorption of 5CB was compared to water

in Figure 4.6 (a) and compared to CTAB and water in Figure 4.6 (b).
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Figure 4.5. The graph of peak versus time is in Figure 4.4 for (a) bipolar and (b) radial
5CB microdroplet suspension in water.
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Figure 4.6. The graph of peak versus time in Figure 4.5 absorbance against time (a)
bipolar 5CB and water, (b) radial 5CB, water, and CTAB.
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Figure 4.6 (a) shows that the absorption of 5CB bipolar microdroplets is higher
than that of water. This indicated that bipolar SCB microdroplets were present in the
water (Yeng et al., 2023). If water absorbance is higher than 5CB absorbance, that
indicates the sample contains more water than 5CB. Thus, the 5CB bipolar
microdroplet was stable in water for 1-hour of observation. Meanwhile, Figure 4.6
(b) shows that the absorption of radial SCB microdroplets is higher than that of
CTAB and water. This effect was like that of the SCB bipolar microdroplet. This
finding helps estimate how long 5CB microdroplets can sustain in water. In this
study, the bipolar and radial 5CB microdroplet absorbance reduce to 22 % and 11%,
respectively. This information can guide the researcher in planning the use of
microdroplet-specific applications for 1-hour monitoring study. This means that
during the optical trapping process, in the sample chamber containing 5CB
microdroplet solution, there was less than a 22 % probability of the 5CB
microdroplet to be sinking or stuck on the glass slide. For this amount of 22 %
stability, the sample chamber could be used for 1 hour of trapping without the need
to change or make a new sample regularly during the optical trapping process or

other microdroplet application for 1-hour monitoring.

4.3 Linearly Polarized Laser SCB Microdroplet Trapping

Figure 4.7 shows the temporal image sequence of the 0.7 um bipolar 5CB microdroplet
captured into optical tweezers spot by the linearly polarized laser. In Figure 4.7, at t;
=1 s, there was a single free-moving bipolar 5CB microdroplet beyond the focal plane

of view. When the laser trapping was turned on, the free-moving SCB microdroplet was
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slowly attracted to the trap spot represented by the red dash circle from the event t; =
1 s to t3 =4 s. This shows by the image of the SCB microdroplet, which is initially out
of focus and suddenly becomes clear and sharp as it approaches the trap spot. The
bipolar 5SCB microdroplet was captured stably at the trap spot at the event £, =4 s to
te = 10 s at 0.2 MW/cm?. The trapped single 5CB microdroplet showed a clear image
as it get trapped at the center of the trap spot. In order to verify whether the trapped
5CB microdroplet was a bipolar SCB microdroplet or radial 5CB, the cross-polarization
view was performed. The bipolar internal configuration was shown at t5 = 10 s using
cross-polarization. The bright spot represents the signature visual for the bipolar
internal configuration of the trapped SCB microdroplet. The 5CB microdroplet escaped

from the trap spot when the laser was off at t; = 14 sto tg = 15 s.

Figure 4.7. Image sequence of the 0.7 um bipolar SCB microdroplet capturing into
optical tweezers trap (red dash circle) at 0.2 MW/cm?. The red arrows indicate the
polarization direction of the trapping laser.

Figure 4.8 shows the sequence image of the 1.0 um radial SCB microdroplet

capturing event in the optical tweezers spot by linearly polarized laser. Initially, in
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Figure 4.8, a free-moving radial 5CB microdroplet was in the water at t; = 1 s. The
laser was turned on to start trapping a single radial 5CB microdroplet. The free-moving
single radial 5CB microdroplet was attracted toward the trap spot labeled with a dash
red circle from t; = 1 sto t3 =9 s. The optical force attracts the radial SCB microdroplet
toward the center of the trap spot. The radial SCB microdroplet was successfully
trapped in the laser trap spot from t, = 11 s to tg = 12 s at 0.2 MW/cm?. The trapped
radial 5CB microdroplet was confined in the trap spot and restricted from moving
freely. The internal configuration of the trapped radial SCB microdroplet was shown at
te = 13 s. The signature “Maltese crossed structure” bright spot indicated that the
trapped 5CB microdroplet was radial SCB. The radial 5CB microdroplet escaped the

trap spot at t; = 27 s to tg = 28 s as the trapping laser was off.

Figure 4.8. Image sequence of the 1.0 um radial 5CB microdroplet capturing into
optical tweezers trap (red dash circle) at 0.2 MW/cm?. The red arrows indicate the
polarization direction of the trapping laser.

These optical trapping events in Figures 4.7 and 4.8 showed the ability of the
optical tweezers to attract and hold a single 5CB microdroplet at low power density (0.2

MW/cm?). The trap spot creates an optical potential where the 5CB microdroplet is
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attracted and confined. The result was part of a single SCB microdroplet trapping of
size range 0.6 um to 0.37 pum within power density ranges from 0.2 MW/cm? to 7.3
MW/cm?. In our optical tweezers setup, the lowest laser power to start trapping a single
5CB was 0.2 MW/cm?. Optical trapping was impossible if the laser power was below
0.2 MW/cm? because this is the threshold laser power for trapping to occur. Below
threshold laser power, no trapping occurred. Besides that, not all SCB microdroplets
could be trapped using optical tweezers. In this study, the smallest size of the SCB
microdroplet that could be trapped was 0.6 um. The optical resolution of OTKB/M is
~ 0.5 pm and this is the limit of the OTKB/M to observe the particle. The optical
trapping was challenging when the microdroplet size was less than 0.6 um due to the
limitation of optical resolution (~ 0.5 um) because the microdroplet in the range of ~
0.5 um unclear, blurred and difficult to be distinguish and be viewed under optical
tweezers. This caused the problem of identifying whether the microdroplet was SCB or
bubbles. Hence, the optical trapping could not be proceeded. In addition, trapping
particles of size smaller than 0.5 um is challenging especially at higher laser power,
because the trapping becomes unstable and pushes out from the trap spot (Zhong et al.,
2017). It was essential to successfully trap a single SCB microdroplet stably before

manipulation and micro-control could be done.
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4.4 5CB Microdroplet Orientation Control

The orientation control of the trapped SCB microdroplet under a linearly polarized laser
beam was studied. Figure 4.9 shows the snapshot of a 2.0 pum bipolar 5CB microdroplet
trapped by a linearly polarized laser beam of 0.2 MW/cm? at polarization direction, 6.
The linearly polarized laser beam direction was slowly adjusted from 8 = 0° until 8 =
180° with a 30° increment, and the optical texture of the trapped SCB microdroplet was
observed using a CCD camera. Figure 4.9 shows the optical texture image of the trapped
single 5CB microdroplet observed under bright field microscopy corresponding to the
linearly polarized laser beam direction, 6. The red arrow represents the polarization
direction of the linearly polarized laser beam. From Figure 4.9, the optical texture aligns
according to the polarization direction represented by the red arrow. However, the
bright microscope images could not clearly show the interaction between the internal
configuration of bipolar SCB and the polarization direction of the linearly polarized
light, as shown in Figure 4.9. In order to justify the orientation control of the internal
configuration of the trapped bipolar SCB, which was aligned with the polarization
direction of the linearly polarized laser beam, the cross-polarization view was required.
Figure 4.10 shows the snapshot of a 2.0 um bipolar SCB microdroplet trap at 0.2
MW/cm? at varied polarization direction, 8, under the cross-polarized view. The texture
of the trapped bipolar SCB microdroplet was orientated according to the orientation as

confirmed under a cross-polarization view, as shown in Figure 4.10.



234

Figure 4.9. The snapshot of 2.0 um bipolar 5CB microdroplet trap at 0.2 MW/cm? at
varied polarization direction, 8. The red arrows indicate the polarization direction of
the trapping laser.

Figure 4.10. The snapshot of 2.0 um bipolar 5CB microdroplet trap at 0.2 MW/cm? at
varied polarization direction, 8 under cross-polarized view. The red arrows indicate the
polarization direction of the trapping laser.

Figure 4.10 shows the snapshot of 2.0 um of bipolar SCB microdroplet trap at
0.2 MW/cm? at varied polarization direction, 8 under cross-polarization view. The
bright spot showed the structure of the bipolar SCB microdroplet trapped by the linearly
polarized laser beam. As the polarization direction increased, the internal configuration

changed inside the 5CB microdroplet oriented along the direction of the linearly
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polarized direction, and this could be observed, as shown in Figure 4.10. This indicated
that the internal configuration of the bipolar SCB microdroplet responds and is

influenced by the direction of laser polarization (Brasselet & Juodkazis, 2009).

Figure 4.11 shows the schematic diagram drawn to show the orientation of 5CB
molecules inside the microdroplet oriented along the direction of the linearly polarized

light. The direction of the laser spot is out from the page.

Figure 4.11. The schematic diagram of 5CB molecules orientation inside the
microdroplet to the polarization direction of linearly polarized light. The red arrows
indicate the polarization direction of the trapping laser.

Figure 4.11 (a) shows the SCB molecules inside the microdroplet oriented at
6 = 0° along the polarization direction represented by the red arrow. The blue-shaded
5CB molecules are the bright spots of the bipolar 5CB that respond to the linearly
polarized laser beam direction. The bright spot was due to the light scattering inside the
bipolar SCB microdroplet (Juodkazis et al., 1999). Then, Figure 4.11 (b) shows the
orientation of the 5CB molecules when the linearly polarized laser beam was oriented

to 8 =30° It could be seen that the SCB molecules also aligned according to the
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polarization direction, as indicated by the red arrow. When the linearly polarized light
direction was increased to 8 = 90°, as shown by the red arrow in Figure 4.11 (c), the
5CB molecule changed the orientation to 8 = 90° too. From Figures 4.9 and 4.10, the
orientation of the bipolar 5SCB molecules inside the microdroplet depends on the
linearly polarized light direction. This concludes that the polarization direction could
control the orientation of the SCB molecules. The bipolar SCB microdroplet has
significance in birefringence (An) (Murazawa, Juodkazis, & Misawa, 2005). The
birefringence (An) is correlated to the refractive index and the optical force of the laser
beam (Tsuji et al., 2022). The significant value of birefringence contributed to the
strong optical force effect on the liquid crystal molecules inside the SCB microdroplet.
This optical force caused the liquid crystal molecules to align along the polarization

direction of the laser beam.

Figure 4.12 shows the optical texture image of the trapped single 5CB
microdroplet observed under bright field microscopy corresponding to the linearly
polarized laser beam direction, 6. The red arrow represents the polarization direction
of the linearly polarized laser beam. As the polarization direction of the linearly
polarized laser beam used was increased, there was no change in the optical texture of
the trapped radial 5CB microdroplet, as shown in Figure 4.12. For example, when the
polarization direction increased from 8 = 0° to 8 = 90°, the bright field microscopic
image of the trapped radial SCB did not change the optical texture. This implied that
the linearly polarized light direction change did not influence the SCB molecules inside
the radial 5CB microdroplet, 8 (Brasselet & Juodkazis, 2009). In order to verify this
observation, the trapped radial 5CB microdroplet was observed under a cross-

polarization view, as shown in Figure 4.13.
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Figure 4.12. The snapshot of 3.3 pum radial 5CB microdroplet trap at 0.2 MW/cm? at
varied polarization direction, 8. The red arrows indicate the polarization direction of
the trapping laser.

The cross-polarization view was used to investigate further the effect of
polarization direction change on the radial SCB microdroplet internal configuration.
Figure 4.13 shows the snapshot of a 3.3 um radial 5CB microdroplet trapped by 0.2
MW/cm? laser at varied polarization direction, 6 under a cross-polarized view. The
bright spot with the Maltese cross structure represents the signature arrangement of
5CB molecules of radial SCB microdroplet, as shown in Figure 4.13. The red arrow
presents the linearly polarized direction. From Figure 4.13, as the polarization direction
was increased, there was no change in the Maltese cross structure of the radial 5CB
microdroplet. It could be seen that there was no change in the orientation of the Maltese
cross structure when the polarization direction of the linearly polarized laser beam was

systematically increased.
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Figure 4.13. The snapshot of 3.3 um radial 5CB microdroplet trap at 0.2 MW/cm? at
varied polarization direction, 8 under cross-polarized view. The red arrows indicate the
polarization direction of the trapping laser.

Figure 4.14. shows the schematic diagram drawn to show the orientation of 5CB
molecules inside the microdroplet oriented along the direction of the linearly polarized

light. The direction of the laser spot is out from the page.

Figure 4.14. The schematic diagram of 5CB molecules orientation inside the
microdroplet to the polarization direction of linearly polarized light. The red arrows
indicate the polarization direction of the trapping laser.

Figure 4.14 (a) shows the orientation of SCB molecules inside the radial 5CB
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microdroplet not oriented along the linearly polarized laser beam at 8 = 0°, presented
by the red arrow. The blue shaded SCB molecules are the bright spot of the radial 5CB
that respond to the linearly polarized laser beam direction forming a Maltase cross
pattern. The bright spot was due to the light scattering inside the radial 5CB
microdroplet (Juodkazis et al., 1999). The liquid crystal molecules that align parallel
and perpendicular to the polarizer and analyzer appear as black because light are
blocked. However, the liquid crystal molecules that not align parallel or perpendicular
to the polarizer and analyzer let light to pass through and appears as bright under cross-
polarized view. Figure 4.14 (a) shows that the 5CB molecules were unaffected by the
linearly polarized laser beam direction set at 8 = 0°. As the polarization direction of
the linearly polarized laser beam was further increased to & = 30°, it could be seen that
the SCB molecules did not affect the polarization direction, as shown in Figure 4.14
(b). The orientation of the SCB molecules in the radial SCB microdroplet remained the
same even when the polarization direction, 8, was increased to 90°, as shown in Figure
4.14 (c). Based on the result, the SCB molecules inside the radial SCB microdroplet
were independent of the linearly polarized direction when the low laser power was used.
It was reported that radial SCB microdroplet has negligible birefringence due to the
radial symmetry of its molecular arrangement and contributed to the strong elastic and
viscoelastic forces of liquid crystal molecules (Murazawa, Juodkazis, Matsuo, et al.,
2005). The small birefringence is correlated to a small refractive index and generates a
weak optical force of the laser beam (Tsuji et al., 2022). This weak optical force is
unable to overcome strong elastic and viscoelastic forces of liquid crystal molecules
inside the radial 5CB microdroplet; hence, the alignment to the laser polarization was

not possible as shown in Figures 4.12 and 4.13.
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4.5 Rotatability of SCB Microdroplet

The rotatability of the SCB microdroplet was investigated by trapping a single bipolar
5CB microdroplet in the water using a circularly polarized laser beam. Figure 4.15
shows the snapshot of the rotated 2.1 um bipolar SCB microdroplet in the water by a
circularly polarized laser trap spot at 1.1 MW/cm?. The bipolar 5CB microdroplet was

rotated clockwise from t;= 1 s to t, =4 s, as shown in Figure 4.15.

Figure 4.15. The snapshot of a rotated bipolar SCB microdroplet of 2.1 um diameter in
water by a circularly polarized laser beam.

The bipolar 5SCB microdroplet rotated in the optical trap or about its center, as
shown in Figure 4.16 (a), and the typical QPD signal of the rotated 5CB microdroplet

in Figure 4.16 (b). t is the time taken for a complete rotation peak to peak.

2) b) —8
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Figure 4.16. (a) Schematic diagram of bipolar 5CB microdroplet rotates in an optical
trap and (b) QPD signal of the rotated SCB microdroplet.
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Similar to the bipolar SCB microdroplet, the radial SCB microdroplet could also
be rotated. A single radial 5CB microdroplet of 2.9 um was trapped stably and rotated
in the water by a circularly polarized laser beam at 1.1 MW/cm?. The snapshot of the
rotated radial SCB microdroplet was observed from t;= 1 s to t, = 4 s, as shown in

Figure 4.17.

Figure 4.17. The snapshot of rotated radial 5SCB microdroplet of 2.9 um diameter in
water by a circularly polarized laser beam.

However, the rotation mechanism of the radial 5CB microdroplet differed from
that of the bipolar SCB microdroplet. The radial SCB microdroplet rotates about a
circle, as shown in Figure 4.18 (a) and (b), which is the typical QPD signal for a rotating

5CB microdroplet. t is the time taken for a complete rotation peak to peak.

Voltage (V)

Center of rotation

T T T T T T
0.0 0.2 04 06 08 1.0
Time (s)

Figure 4.18. (a) The schematic diagram of a radial 5CB microdroplet rotates about a
circle (b), which is the typical QPD signal of the rotating SCB microdroplet.
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The 5CB microdroplet of bipolar and radial configuration in Figures 4.15 and
4.17 rotated when they were exposed to the circularly polarized laser beam. The
refraction of the circularly polarized going into and out from the SCB microdroplet
caused the angular momentum to change, and the change in angular momentum creates
a reaction torque that rotates the SCB microdroplet as shown in Figures 4.15 and 4.17
(Manzo et al., 2006; Wood et al., 2004). It was observed in Figures 4.15 and 4.17 that
the bipolar 5CB rotated within the laser spot but radial 5SCB rotated orbiting the laser
spot (Sanders et al., 2013). This is because of the different birefringence between
bipolar and radial SCB microdroplets, which affects the transfer of angular momentum

(Murazawa, Juodkazis, Matsuo, et al., 2005).

4.6 SCB Microdroplet Translational and Micro-control

Besides, the single optical tweezers are used for single manipulation analysis after the
particle is trapped. In this study, the optical tweezers can simultaneously translate and
micro-control a single SCB microdroplet in water. Figure 4.19 shows the translation
and micro-control of a single 1.8 um bipolar SCB microdroplet by a linearly polarized
laser beam at 0.2 MW/cm?. The bipolar 5CB microdroplet could be trapped and

translated simultaneously, as shown in Figure 4.19.
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Figure 4.19. The translation and micro-control of a single 1.8 um bipolar 5CB
microdroplet by a linearly polarized laser beam at 0.2 MW/cm?. A: The 5CB
microdroplet was trapped in the optical trap at t;= 1 s. B: The 5CB microdroplet
translation 5 pm to the right at t, = 10 s. C: The 5CB microdroplet retrapped at t;

=15 s. D: The 5CB microdroplet translation 5 um to the left at t, =25 s. E: The 5CB
microdroplet retrapped at t5 = 27 s.

Figure 4.20 shows the translation and micro-control of a single 1.8 pm bipolar
5CB microdroplet by a circularly polarized laser beam at 0.2 MW/cm?. The bipolar
5CB microdroplet could be translated and rotated micro-controlled simultaneously, as

shown in Figure 4.20.

At;=1s B,t,=10s C,t3=13s D,t,=25s E,t;=28s
Figure 4.20. The translation and micro-control of a single 1.8 um bipolar 5CB
microdroplet by a circularly polarized laser beam at 0.2 MW/cm?. A: The 5CB
microdroplet was trapped and rotated in the optical trap at ¢; = 1 s. B: The 5CB
microdroplet translation 5 pum to the right at t, = 10 s. C: The 5CB microdroplet

retrapped and rotated at t; = 13 s. D: The 5CB microdroplet translation 5 pum to the
left at t, = 25 s. E: The 5CB microdroplet retrapped and rotated at t; = 28 s.

Figure 4.21 shows the x-axis trajectory of the trapped bipolar 5CB microdroplet
in Figure 4.19 and Figure 4.20 at P = 0.2 and 1.1 MW/cm? respectively. Points A, C,
and E show the trajectory of the trapped 5CB microdroplet, while points B and D

showed the trajectory when the piezostage displaced the trapped SCB microdroplet
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from the trap spot in Figure 4.21 (a). As the laser power used increased, the time taken
for the 5CB microdroplet to be retrapped (at points B and D) became shorter in Figure
4.21 (a) and (b). This indicated that bipolar SCB microdroplets could strongly translate
the intense tweezing and stable trapping without escape. A similar trend was seen for
bipolar SCB microdroplets trapped by circularly polarized light, as shown in Figure

421 (b).
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Figure 4.21. (a) The x-axis trajectory of the trapped bipolar SCB microdroplet is in
Figure 4.19 and (b) in Figure 4.20.



246

The same procedure was repeated by translating and trapping a 3.3 um radial
5CB microdroplet with a linearly and circularly polarized laser beam. Figure 4.22
shows the simultaneous translation and micro-control of a single 6.6 um radial 5CB
microdroplet by a linearly polarized laser beam, and Figure 4.23 by a circularly
polarized laser beam at 0.2 MW/cm?. The radial 5CB microdroplet could be translated

and micro-controlled stably without escaping, as shown in Figure 29 and Figure 30.

At;=1s B,t,=10s Cty=11s D,t,=25s E,t;=28s

Figure 4.22. The translation and micro-control of a single 3.3 um radial 5CB
microdroplet by a linearly polarized laser beam at 0.2 MW/cm? A: The 5CB
microdroplet was trapped in the optical trap at t; = 1 s. B: The 5CB microdroplet
translation 5 pm to the right at t, = 10 s. C: The 5CB microdroplet retrapped at t;
=11 s. D: The 5CB microdroplet translation 5 um to the left at t, =25 s. E: The 5CB
microdroplet retrapped at t5 = 28 s.
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At;=1s B,t,=10s C,t3=13s D,t,=25s E,t;=32s

Figure 4.23. The translation and micro-control of a single 3.3 pum radial 5CB
microdroplet by a circularly polarized laser beam at 0.2 MW/cm?. A: The 5CB
microdroplet was trapped and rotated in the optical trap at t; = 1 s. B: The 5CB
microdroplet translation 5 um to the right at t, = 10 s. C: The 5CB microdroplet
retrapped and rotated at t; = 13 s. D: The SCB microdroplet translation 5 um to the left
at t,= 25 s. E: The 5CB microdroplet retrapped and rotated at t5 = 32 s.

Figure 4.24 shows the x-axis trajectory of the trapped radial SCB microdroplet

in Figure 4.22 and Figure 4.23 at P = 0.2 and 1.1 MW/cm? respectively. Points A, C,
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and E show the trajectory of the trapped 5CB microdroplet, while points B and D
showed the trajectory when the piezostage displaced the trapped SCB microdroplet
from the trap spot in Figure 4.24 (a). Translating and rotating the trapped 5CB
microdroplet's micro-control was possible under a circularly polarized light. The
intense laser power caused the strong tweezing and translating of the radial 5CB

microdroplet, as shown in Figure 4.24.
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a)

b)

Figure 4.24. (a) The x-axis trajectory of the trapped radial SCB microdroplet is in Figure
4.22 and (b) in Figure 4.23.
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These results showed that the simultaneous translation and micro-control of a
single 5CB microdroplet (bipolar or radial) could be realized by combining the

piezostage positioning and light polarization (linear and circular).

4.7 Corner Frequency (f.) Analysis

The most vital part of optical trapping is achieving stable trapping, where the trapped
particle can be held optically trapped without escape. The optical stiffness (k)
parameter measures the strength of the optical trap of the optical tweezers and the
confinement of the trapped particle inside the trapping spot. f. values were measured
to quantify optical stiffness at specific optical power density (P) to justify the stiffness

of the trap. f, is related to k by equation

_ ke (2.17)

where y, = 6mnr. Based on the equation, f. is proportionate to k;. Calculating the f,
is enough to justify the strength of the confinement of the trapped SCB microdroplet by
the optical tweezers. k; should be stronger for higher optical power density as long the

gradient force is larger than the scattering force.

The dependency of the f. with P was investigated. A single 5SCB microdroplet
of bipolar and radial of varied size was trapped by a linearly polarized laser beam at

P =11 MW/cm?, 2.3 MW/cm?, 3.6 MW/cm?, 4.8 MW/cm?, 6.1 MW/cm?> and 7.3
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MW/cm?. Figure 4.25 shows the graph of corner frequency (f;.) versus optical power
density (P) for (a) bipolar 5CB and (b) radial 5CB for several selected sizes. Figure
4.25 (a) and (b) illustrates that f,. increases with an increase of P as in Equation 2.2.
The ratio of corner frequency (f,) per microdroplet radius (r) was calculated to compare
fc of different microdroplet radius, r at different optical power densities, P. The data in
Figure 4.25 was replotted in the context of corner frequency per microdroplet radius

(%) versus optical power density (P) for (a) bipolar and (b) radial as shown in Figure

4.26.



251
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Figure 4.25. Graph of corner frequency (f.) versus optical power density (P) for (a)
bipolar and (b) radial.
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Figure 4.26. Graph of corner frequency per microdroplet radius %) versus optical
power density (P) for (a) bipolar and (b) radial.
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For the bipolar 5CB microdroplets, % was increased with the increasing of the

P, as shown in Figure 4.26 (a) for all selected sizes. This showed that k; was also
increased with the increase of the laser power as in Equation 2.17. This means that the
confinement of the bipolar 5CB microdroplet inside the optical trap increased when the
used P increased (Yeng & Ayop, 2022; Yusuf & Ayop, 2020). Using higher P

contributes to the stronger gradient force related in Equation 2.6. The SCB microdroplet
of 0.8 pum radius showed the highest % indicate the strongest optical stiffness
measured. At the same time, the bipolar 5CB microdroplet of 0.6 um showed the lowest

% indicated the weakest optical stiffness measured.

In the context of SCB with radial internal configuration, all the selected sizes of
the trapped radial 5CB microdroplets showed % increased with the increase of P used
as shown in Figure 4.26 (b). The radial microdroplet of 0.7 um has the highest %
indicated the stronger optical stiffness measured. Meanwhile, the radial microdroplet

of 1.5 um showed the lowest % which directly means that the optical trap strength

measured was the lowest.

From Figure 4.26, the trend of % against P was increasing but not linear (Yeng,

Ayop, & Mustapa, 2022). This was the novelty of optical stiffness characteristic when
the optical trapping of soft matter such as liquid crystal microdroplets was performed.
The possible reason for the non-linearity was the physical state of the soft microdroplet

(Yusuf & Ayop, 2020). The optical trapping of a solid particle such as a polystyrene

bead showed a precise linear trend of % against P because solid particles (polystyrene
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bead) have a rigid form and do not tend to deform during confinement in an optical trap

(Horst et al., 2010; Malagnino et al., 2002).

Besides that, the dependency of f. with r of 5CB microdroplet was also

investigated. f. is related to r by the Equation 2.17. Hence, the f. should be inversely

proportional to r. Figure 4.27 shows the relationship between % and r of the trapped

5CB microdroplet. The graph of corner frequency per microdroplet radius (%) against

microdroplet radius at varied optical power densities for (a) bipolar and (b) radial were

shown in Figure 4.27.
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Figure 4.27. Graph of corner frequency per microdroplet radius (%) against
microdroplet radius at varied optical power density.
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In the context of bipolar SCB microdroplet, the trend of % increased from

fe

r=0.6%0.1 pmto 0.8 £ 0.1 pm as shown in Figure 4.27 (a). Then = trend showed

decrement from r = 0.8 £ 0.1 to 1.5 = 0.1 pm. The smallest % trend was observed
when P used was 1.1 MW/cm? and the highest % when P used was 7.3 MW/cm?2. For
radial 5CB microdroplet, % showed the reduction trend fromr = 0.7+ 0.1 to 1.5+ 0.1
um as shown in Figure 4.27 (b). The highest % was highlighted when the P used was

7.3 MW/cm? and the lowest % when P was 1.1 MW/cm?.

The trend of % for bipolar and radial SCB microdroplets in Figures 4.27 (a)

and (b) was explained by using ray optics (Mie Regime) to describe the interaction of
the gradient force and scattering force on the microdroplet of specific size as shown in
Figure 4.28 (Malagnino et al., 2002). This is because, the size of the trapped
microdroplet (r > 1.2 £ 0.1 um) was larger than the trapping laser wavelength (4 =1.0

um), (r > A) (Tsuji et al., 2022).

Figure 4.28. The ray optics diagram of laser focus of w, beam waist trapped two
spheres of diameter d; and d, (Malagnino et al., 2002).
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The laser beam waist (w) used in this study was 1.1 um. Figure 4.28 shows a
ray optics diagram of a trapping beam of a specific beam waist wy, and two spheres of
diameter d; and d, trapped at the center of the trapping beam. As long the gradient
force is bigger than the scattering force, the optical trapping is stable (Polimeno et al.,
2018). However, the strength of the optical force depends on r. In the case of (d; <
w,y), the gradient force is increasing with r (Simmons et al., 1996). The smaller sphere
size has a small surface area exposed to the laser beam. Thus, only a small fraction of

light from w, refracted on the surface of d;. The small fraction of refracted light

resulted in a smaller gradient force. As a result, small % was measured. The increasing

of size increases the surface area and % measured for case (d; < wy). This explained

the  trend of 0.6+ 0.1 pm to 0.8 + 0.1 pm in Figure 4.27 (a).

In the case of (d = wy), the gradient force is maximum (Simmons et al., 1996).
This is because the whole surface area of the sphere is exposed to the maximum of wy,.

This resulted in optimum refraction at the sphere surface and generated optimum
gradient force. As a result, the measure % was maximum. This explained the % of 0.7

+ 0.1 pm in Figure 4.27 (b). In the case of (d, > wy,), the gradient force is reduced with
the increasing of sphere size (Simmons et al., 1996). The bigger sphere has a larger
surface area exposed to the maximum w laser beam. The bigger sphere caused the light
to refract and trapped light to spread out over a larger distance, and weakening the
gradient force generated (Simmons et al., 1996). At the same time, the increasing of

sphere size also adds to the mass of the sphere, which also reduces the gradient force.

These factors cause the gradient force to be weaker and the measure % decreasing over
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larger r. This can explain the % trends forr = 0.8 £ 0.1 um to 1.5 + 0.1 pm of bipolar

5CB microdroplet in Figure 4.27 (a), r 0.9 = 0.1 pum to 1.5 = 0.1 um of radial 5CB in

Figure 4.27 (b).

The % of the trapped 5CB microdroplet was compared with chloroform,

toluene, and 1,2-dichlorobenzene microdroplet trapping (Yusof et al., 2020) at P = 6.1

to 6.3 MW/cm? as listed in Table 4.2.
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Table 4.2

Comparison of % at P = 6.1 to 6.3 MW/cm? for chloroform, toluene, 1,2-dicholorobenzene and 5CB microdroplets.

Chloroform Toluene 1,2-dichlorobenzene Bipolar 5CB Radial 5CB
(Yusof et al., 2020). (Yusof et al., 2020). (Yusof et al., 2020).

7 (um) f7 (Hz/um) T (pm) f7 (Hz/um) T (pm) f7 (Hz/pm) T (pm) f7 (Hz/pm) T (pm) f7 (Hz/pm)
1.00 25.81 1.00 36.43 1.05 46.57 0.60 23.82 0.70 47.17
1.10 21.02 1.05 36.02 1.10 41.25 0.80 51.37 0.90 39.88
1.15 20.84 1.15 28.06 1.15 44.70 1.00 39.34 1.00 30.71
1.25 32,5 1.20 24.33 1.20 39.24 1.10 22.90 1.10 26.46
1.30 14.81 1.25 28.28 1.25 24.27 1.30 28.20 1.30 30.43
1.35 19.68 1.40 16.23 1.30 27.79 1.50 24.24 1.50 20.79
1.45 15.51 1.45 14.92 1.35 31.25

1.50 10.25 1.50 14.32 1.40 26.72

(continue)
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Table 4.2 (continue)

Chloroform Toluene 1,2-dichlorobenzene Bipolar 5CB Radial 5CB
(Yusof et al., 2020). (Yusof et al., 2020). (Yusof et al., 2020).
7 (um) f7 (Hz/pm) T (pm) f7 (Hz/pm) T (pm) f7 (Hz/pm) T (pm) f7 (Hz/pm) T (pm) f7 (Hz/pm)
1.45 26.40
1.50 34.03

*Average  20.05* 24.82%* 35.23* 31.64* 32.58*
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Table 4.3.
Comparison of density, refractive index, and solubility of Chloroform, Toluene, 1,2-
dichlorobenzene, and 5CB.

Sample Density (g/cm?) Refractive Index Solubility (g/L)
Chloroform 1.48 1.445 8.7
Toluene 1.31 1.496 0.52
1,2- 0.87 1.551 0.13
dichlorobenzene
5CB 1.008 1.54-1.74 0.00007

Based on Table 4.2, the trapping of a single microdroplet at optical power
density ~ 6.1 to 6.3 MW/cm? for different samples was presented. The signature

trapping of a single liquid microdroplet at fixed optical power density showed the

variation in % At fixed optical power density, P, the increasing microdroplet radius

showed the variation and scattered in ];—C trends. Despite that, it was challenging to find

the direct relationship between f. and diameter (D) of the trapped liquid microdroplet
(Yusuf & Ayop, 2020). The f. reported for chloroform, toluene, and 1,2-
dichlorobenzene microdroplet optical trapping showed scattered plots and broad range
values because the particle is liquid, the shape was not perfectly spherical and caused
the variation in the measured f. and k; (Yusof et al., 2020). The existing theory
assumes that the trapped particle must be solid and perfectly spherical (Simmons et al.,
1996). In the context of homogenous liquid microdroplets between chloroform, toluene,

and 1,2-dichlorobenzene, 1,2-dichlorobenzene microdroplet trapping shows the highest

average % due to the highest refractive index correlated to the strong gradient force
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and strong microdroplet confinement as in Equation 2.6. In comparison with 1,2-
dichlorobenzene and 5CB, the average % was higher for 1,2-dichlorobenzene

compared to SCB despite the small difference in refractive index. However, the possible

fe

reason why = of 1,2-dichlorobenzene highest compared to SCB was the density of

1,2-dichlorobenzene was lower than SCB. The lower density reflects the lower mass.
The light 1,2-dichlorobenzene microdroplet was more easily confined to the laser spot

than the heavy microdroplet.

Even though the trapping of the 1,2-dichlorobenzene shows higher % than

5CB, 5CB microdroplet has birefringence properties and specific liquid crystal
molecule configuration inside the microdroplet, which is not present in 1,2-

dichlorobenzene microdroplets (Yeng, Ayop, & Mustapa, 2022). It also noted that

bipolar and radial 5CB have different averages % due to different liquid crystal

C

configurations, which significantly affect f; even though both are the same material.

The trapped 5CB microdroplet could be trapped and rotated because the liquid crystal
molecules inside the SCB microdroplet due to the effect of polarization control during
the optical trapping process (Murazawa, Juodkazis, Matsuo, et al., 2005). In actuating
and sensing applications, the trapping of SCB microdroplets was superior to other

homogenous liquid microdroplets.

4.8 Angular Speed (w) Analysis

A linearly polarized laser trapping beam carries linear momentum to the trapped SCB
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microdroplet. Using a quarter wave plate changes the linearly polarized laser beam to
the circularly polarized one. This circularly polarized laser beam carries angular
momentum. The angular momentum of the circularly polarized laser beam can be
transferred to the trap SCB microdroplet during the optical trapping process. Due to the
fact that the SCB microdroplet is a birefringence material, the angular momentum of
the circularly polarized laser beam was transferred to the SCB microdroplet. The
angular momentum transfer to the 5CB microdroplet resulted in an optical torque. This
optical torque produce rotates the SCB microdroplet, and the light that passes through
the SCB microdroplet converts back to the linearly polarized laser beam. The equation
can relate the optical torque resulting from the trapped SCB microdroplet-induced
rotation

I'=Dw (2.20)

where I' is optical torque, D is the rotational drag coefficient (Stoke’s coefficient) D =
8nnr3 where 1 is liquid viscosity, r is microdroplet radius, and w is angular speed. The
final expression becomes

I'=8mriw (2.21)

The optical torque increased with the increasing optical power density used. The
angular speed of the rotating microdroplet is inversely proportional to the radius of the

rotating trapped microdroplet.

Next, the angular speed (w) of the trapped SCB microdroplet under a circularly
polarized laser beam was studied. A single SCB microdroplet (bipolar or radial) of

varied sizes was trapped and rotated clockwise and counterclockwise by the circularly
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polarized laser beam at P = 1.1, 1.6, 2.0, 2.5, 2.9, and 3.4 MW/cm?. The w of the rotated
5CB microdroplet was measured by analyzing the QPD signal collected during the
rotation. The relationship between optical power density used (P), microdroplet radius

(), and angular speed of rotated microdroplets (w) was investigated.

The relationship between w and P is shown in Figure 4.29. Figure 4.29 shows
the graph of angular speed (w) versus optical power density (P) of clockwise rotation
(a) bipolar 5CB microdroplet and (b) radial 5CB microdroplet. In the context of bipolar
5CB, w of the bipolar 5CB microdroplet showed an increasing trend with the increase
of P, as illustrated in Figure 4.29 (a). The radial 5CB microdroplet showed the same

trend in Figure 4.29 (b).
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b)

Figure 4.29. Graph of angular speed (w) versus optical power density (P) of clockwise
rotation for (a) bipolar 5CB and (b) radial 5CB microdroplets.
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The ratio between angular speed per microdroplet radius (%) was calculated to
compare at different P used. Then the graph of angular speed per microdroplet radius
% versus optical power density (P) of clockwise rotation for (a) bipolar SCB and (b)
radial 5CB was plotted based on Figure 4.30. In the context of a bipolar 5CB

microdroplet trapped under a circularly polarized laser beam, the % showed an
increasing trend with the increasing P as shown in Figure 4.30 (a). The % decreased
with the increasing bipolar 5CB microdroplet size (). The smallest bipolar 5CB

microdroplet of 0.8 um trapped and rotated under a circularly polarized laser beam

showed the highest =. Meanwhile, the largest bipolar 5CB microdroplet of 2.8 pm
g T

radius showed the least % It is noted that bipolar 5CB microdroplets can be trapped

and rotated at a smaller radius of 0.8 pm. The bipolar SCB microdroplet with a radius
below 0.8 um can be trapped. However, the rotating behavior is difficult to observe
visually via a CCD camera. This is the limited resolution of the objective lens ~ 500
nm. The QPD signal also could not show the rotational signal of the trapped 5CB
microdroplet. This is because the laser spot is bigger than the trapped microdroplet
radius. The rotational of a small 5CB microdroplet inside the big focal spot does not
change the laser intensity detected by the QPD. Hence, no rotational signal is

observable.

On the other hand, the % of the radial 5CB microdroplet increased with the

increasing of P as shown in Figure 4.30 (b). It could be seen from Figure 4.30 (b), that

the % of radial 5CB microdroplets decreased with the increase of the microdroplet

radius (). The smallest radial SCB microdroplet of 1.9 um radius was trapped under a
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circularly polarized laser beam and showed the highest % In this study, the radial 5CB

microdroplet of radius less than 1.9 um did not rotate in our experiment with optical
power density used. The possible reason why the radial SCB microdroplet does not
rotate at lower optical power density is because of small birefringence due to the radial
structure; thus, the mechanism of angular momentum was different from the bipolar
5CB microdroplet (Murazawa, Juodkazis, Matsuo, et al., 2005). It is possible to rotate
the small microdroplet, but it requires a very strong optical power density. It was
reported that radial 5CB microdroplet rotated at higher laser power because the higher
laser power causes the reconfiguration of the liquid crystal molecules because the light
polarization electric field is strong enough to overcome viscoelastic and elastic forces
of the liquid crystal molecules (Murazawa, Juodkazis, Matsuo, et al., 2005). Hence, the
reconfiguration of liquid crystal molecules inside radial SCB microdroplet induced
birefringence and caused it to be rotated at higher laser power (Murazawa, Juodkazis,
Matsuo, et al., 2005). However, strong optical power density is not recommended as
the 5CB is a thermotropic liquid crystal sensitive to heat change when intense laser-

induced heat. Meanwhile, the largest radial 5CB microdroplet of 3.7 um radius showed

the lowest < trends. This is following the fact that the w is inversely proportional to r
- g Y prop

as in Equation 2.21. The strong optical power density used drives the faster angular

speed of the rotated SCB microdroplet as in Equation 2.22.
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b)

Figure 4.30. Graph of angular speed per microdroplet radius (%) versus optical power
density (P) of clockwise rotation for (a) bipolar 5CB and (b) radial 5CB microdroplets.
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Furthermore, the 5CB microdroplet could also be rotated counterclockwise by
optical tweezers. The relationship between angular speed (w) and the optical power
density (P) is shown in Figure 4.31. Figure 4.31 shows the graph of angular speed (w)
versus optical power density (P) of counterclockwise rotation for (a) bipolar 5SCB and
(b) radial 5CB microdroplets. In the context of bipolar SCB counterclockwise rotation,
the angular speed of the bipolar 5CB microdroplet, w, showed an increasing trend with
the increasing optical power density (P), as shown in Figure 4.31 (a). This implies that
the optical torque increased with the optical laser power used. As a result, the faster
angular speed was obtained at a higher optical power density. Meanwhile, in the context
of radial 5CB microdroplet, w showed a similar trend of increasing when the optical

power density (P) used was increased, as shown in Figure 4.31 (b).
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b)

Figure 4.31. Graph of angular speed (w) versus optical power density (P) of
counterclockwise rotation for (a) bipolar 5CB and (b) radial 5CB microdroplets.
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Next, the angular speed ratio per microdroplet radius was calculated to make a

comparison between w with microdroplets of different sizes. The graph in Figure 4.31

is replotted in the context of angular speed per microdroplet radius (%) against the
optical power density used (P). Figure 4.32 shows the graph of angular speed per
microdroplet radius (%) versus optical power density (P) of clockwise rotation for (a)
bipolar 5CB and (b) radial 5CB microdroplets. In the context of bipolar 5CB

counterclockwise rotation, the trend of % showed that it increases with the increasing

optical power density. It can be seen from Figure 4.32 (a) that the smallest bipolar SCB
microdroplet of 1.3 um radius shows the highest % of counterclockwise rotation. This
implied that the optical torque on the 1.3 um bipolar SCB microdroplet was strongest
when the strong optical power density was used. The strong optical produces faster
rotation of the trapped bipolar SCB microdroplet as represented by 1.3 um bipolar SCB
microdroplet. Meanwhile, the largest bipolar SCB microdroplet trapped was 2.7 uym
showed the lowest % trend. This implied that the optical torque induced on the 2.7 ym
bipolar 5CB microdroplet was small. Small optical torque resulted in the slower rotation
of the trapped bipolar SCB microdroplet. In terms of bipolar SCB microdroplet radius,
it could be highlighted that % significantly reduced with the increasing microdroplet
radius. This means that the optical torque becomes smaller on the bigger microdroplet,

thus reducing the capability to rotate the trapped SCB microdroplet.

In the context of radial SCB microdroplet, the % trend was increased when the

optical power density (P) used increased, as illustrated in Figure 4.32 (b). It could be

seen from Figure 4.32 (b), that the % trend was highest when the trapped radial 5CB
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microdroplet used was 2.0 um. This implied that the optical torque produced on the 2.0
um radial 5CB microdroplet increased as the optical power density used to rotate
increased. As a result, the larger optical torque produced a faster rotation of the trapped

2.0 um radial 5CB microdroplet. Meanwhile, the largest radial SCB microdroplet

radius, 3.4 pum, showed the lowest 2 trend, as illustrated in Figure 4.32 (b). This
u T

indicated that the optical torque imposed due to the circularly polarized laser beam was

smaller. The smaller optical torque resulted in the slower rotation of the 3.4 um radial

5CB microdroplet. It also noted that the £ significantly decreased with increasing the
p - Sig y g

radial 5CB microdroplet radius. The significant increase of the radial 5CB microdroplet
also directly increased the mass of the radial SCB microdroplet. The optical torque can
substantially affect the lighter radial 5CB microdroplet compared to the weighter
microdroplet. Thus, the smaller radial microdroplet feels a strong optical torque and

rotates faster than the larger one.



273

b)

Figure 4.32. Graph of angular speed per microdroplet radius (%) versus optical power
density (P) of clockwise rotation for (a) bipolar 5CB and (b) radial 5CB microdroplets.
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The % values obtained from this study are compared with the previous study
from Murazawa and friends (Murazawa, Juodkazis, & Misawa, 2005). The % values are

compared in terms of laser power (P) and the size of the SCB microdroplet trapped and

rotated under a circularly polarized laser beam. Table 4.4 shows the comparison of laser

power (P), microdroplet radius (r), and angular speed per microdroplet radius (%) for

bipolar 5CB microdroplet. According to Table 4.4, it can be seen that the experimental

value of % obtained from the study show the same trend where % increasing with the

laser power used P as reported by (Murazawa, Juodkazis, & Misawa, 2005). This is
because the increase in laser power used creates an increase in gradient force, as in
Equation 2.6. The increase in gradient force significantly increased the optical torque
because optical torque is related to the gradient force by expression I' = F; X r. The
increase in optical torque increases the angular speed of the rotated bipolar 5CB
microdroplet, as in Equation 2.20. The bipolar 5SCB microdroplet rotated at the small
threshold laser power because of significant birefringence (Murazawa, Juodkazis,

Matsuo, et al., 2005). It can also be highlighted that the experimental values of %

decrease with the increasing microdroplet radius (r) reported by Murazawa, as shown
in Table 4.4. This study provided significant information that the lower laser power (P
= 10.65 mW) can establish the rotation of the small bipolar 5CB microdroplet of 0.8
um radius. Meanwhile, Murazawa reported the rotation of a small bipolar 5CB
microdroplet of 0.95 pm radius at a laser power of 31.03 mW. This study showed that

the laser power could be reduced by about 65.68 % to rotate the small 5CB

microdroplet, resulting in higher % The lowest laser power used is significant in the

optical trapping of SCB microdroplets to reduce the laser heating effect and sustain the

nematic phase of the trapped bipolar SCB microdroplet.
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Table 4.4

Comparison of % for bipolar 5CB reported by Murazawa and this study.

Bipolar 5CB Microdroplet (Murazawa, Juodkazis, & Misawa, 2005) Bipolar 5CB Microdroplet (Study results)
r=0.95 um r=1.25 um r=1.60 um r=0.80 um r=1.30 um r=1.60 um
P (mW) £ P (mW) £ P (mW) 2 P (mW) L P (mW) L P (mW) %
(Hz/pm) (Hz/pm) (Hz/pm) (Hz/pm) (Hz/pm) (Hz/pm)

31.03 39.16 29.12 22.69 31.08 11.99 10.65 51.14 10.65 40.46 10.65 25.68
62.07 75.64 62.40 50.52 63.19 23.39 14.98 61.33 14.98 52.76 14.98 34.76
124.14 170.08 185.08 138.29 123.28 47.17 19.31 66.78 19.31 59.82 19.31 4431
187.24 226.93 247.46 184.74 186.50 75.92 23.64 75.40 23.64 71.65 23.64 50.96
249.31 310.63 309.83 225.06 248.63 94.34 27.96 91.84 27.96 90.41 27.96 62.15

309.31 378.20 348.25 237.63 308.71 113.54 32.29 98.07 32.29 96.74 32.29 67.74

346.55 440.24 347.03 126.34
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Table 4.5

Comparison of % for radial 5CB reported by Murazawa and this study.

Radial 5CB Microdroplet (Murazawa, Juodkazis, & Misawa, 2005) Radial 5CB Microdroplet (Study results)
r=2.40 um r=2.70 um r =335 um r=1.90 um r=2.00 um r=2.50 um
P (mW) L P (mW) L P (mW) L P (mW) L P (mW) L P (mW) %
(Hz/pm) (Hz/pm) (Hz/pm) (Hz/pm) (Hz/pm) (Hz/pm)

341.10 44.23 309.28 29.00 248.84 16.35 10.65 23.34 10.65 17.76 10.65 12.91
372.66 45.21 341.36 30.38 279.16 17.25 14.98 33.34 14.98 25.75 14.98 18.16
402.94 46.34 370.38 31.51 310.74 17.24 19.31 44.46 19.31 33.13 19.31 22.95
433.26 46.20 401.97 30.89 342.32 17.34 23.64 54.61 23.64 40.13 23.64 28.07
464.84 46.34 433.52 32.02 372.63 17.63 27.96 64.01 27.96 46.95 27.96 33.91
465.08 32.52 406.74 18.03 32.29 66.96 32.29 55.45 32.29 38.41

435.79 18.22

467.37 19.22
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The radial 5CB microdroplet % values were also compared with the % reported
by Murazawa and friends. The comparison between findings from this study was
compared with Murazawas’ findings in terms of laser power (P), microdroplet radius

(r), and angular speed per microdroplet radius (%) as illustrated in Table 4.5. This
research finding shows that the radial SCB microdroplet % increases with the laser

power (P) as shown in Table 4.5. The similar trend of the radial 5CB microdroplet %

reported by Murazawa also shows similar trends as shown in Table 4.5. The increasing

trends of % contributed to the increase in of laser power. The optical torque is

proportional to the laser power by Equation 2.22. The increase in optical torque

significantly increased the angular speed because of proportionality related to Equation

2.20. It also can be seen that the research finding highlights that the % decreased with

the increasing of the radial 5CB microdroplet radius (), as shown in Table 4.5. The

trend of the % was supported by the Murazawa finding where the % reduces with the

increasing of the microdroplet radius (7). It could be seen that the threshold laser power
to rotate the 5CB radial microdroplet was relatively higher than the bipolar 5CB
microdroplet. This study traps a single radial SCB microdroplet of 1.90 um radius at
the lowest laser power of 10.65 mW. However, Murazawa reported that to rotate a
single radial SCB microdroplet of 2.40 pm radius, the laser power used was 341 mW.
It can be seen that Murazawa used extreme laser power to rotate a 2.40 um radial 5CB

microdroplet. Our study used a relatively lower laser power, 10.65 mW, to successfully

rotate a single radial SCB microdroplet. We reported the highest (%) radial 5CB

microdroplet at the lowest laser power and smaller radial SCB microdroplet radius. We

reduced the laser power used to rotate radial SCB microdroplets to about 96.9%.
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It can also be highlighted that the threshold laser power to initiate the rotation
of bipolar and radial 5CB microdroplets showed a significant difference. This can be
proved by trapping and rotating the same 5CB microdroplet while triggering the
internal configurational change inside the microdroplet. In this study, the radial 5CB
microdroplet of size less than 1.90 um at 1.1 MW/cm? did not rotate in Figure 4.30 (b),
but the bipolar 5CB microdroplet rotated at size less than 1.90 um in Figure 4.30 (a).
This highlights the significance difference in threshold laser power because of the
birefringence difference between bipolar and radial 5CB (Murazawa, Juodkazis,
Matsuo, et al., 2005). The bipolar 5CB microdroplet rotates at smaller laser power and
the smaller bipolar SCB microdroplet rotates faster at higher laser power. The radial
5CB microdroplet has different threshold laser power to initiate the rotation of the
microdroplet. The radial 5CB microdroplet requires the highest laser power to initiate
the rotation (Murazawa, Juodkazis, & Misawa, 2005). The smallest radial 5CB
microdroplet requires the highest laser power to initiate the rotation of more than 310
mW (Murazawa, Juodkazis, & Misawa, 2005). This is why the smaller radial 5CB
microdroplet of less than 1.90 pm radius does not rotate at the lower laser power range
used in this study. One should note that the bipolar SCB microdroplet rotated at lower
laser power, and the radial 5CB microdroplet rotated at higher laser power. This unique
characteristic can be used as the indicator for sensing as the configurational change

affects the rotated microdroplet's angular speed.
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4.9 Trapped SCB Microdroplet Sensing Mechanism

The interaction between the SCB microdroplet and CTAB molecules was studied. The
dispersion of the liquid 5CB in water produces microdroplets in the water. Naturally,
in the water, the 5CB microdroplet acquired a spherical shape due to the surface tension
of the water. The liquid 5CB dispersed in deionized water usually produced a 5CB
microdroplet with a bipolar internal configuration, known as the stable state of the
nematic phase. In the bipolar state, the liquid crystal molecules inside the microdroplet
aligned parallel to the surface of the microdroplet. Figure 4.33 shows the interaction
and the effect of the addition of CTAB solution on the internal configuration inside the

5CB microdroplet.

Figure 4.33. The schematic mechanism of the interaction between the 5CB
microdroplet with the CTAB molecules and the effect on the internal configuration
inside the microdroplet.
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CTAB is a kind of surfactant that is usually used to alter the internal
configuration of the liquid crystal microdroplet. CTAB molecules generally comprise
a round hydrophilic polar head and a hydrophobic polar tail. The CTAB naturally exists
as a white powder dissolved in water to form a CTAB solution. The concentration of
the CTAB solution can be controlled by adjusting the mass of the CTAB powder
dissolved in the water. The CTAB solution must achieve critical micelle concentration
(CMC) to transition the internal configuration inside the SCB microdroplet. It was
reported that CTAB needs about 13 uM of CMC concentration to cause bipolar internal
configuration change to the radial internal configuration in a microdroplet (Murazawa,
Juodkazis, & Misawa, 2005). Introducing the CTAB solution to the SCB microdroplet
exposes the CTAB molecules in the environment medium, for example, water. CTAB
solution slowly diffuses in the water environment, causing the CTAB molecules to

disperse in the water medium.

The 5CB microdroplet suspended in water interacts with CTAB molecules
when both components are in contact. The CTAB molecules tend to bind and adhere to
the surface of the SCB microdroplet due to the long hydrophobic tail leading to the
formation of the CTAB-bind 5CB surface. At the same time, the interface of the 5SCB
microdroplet was sensitive to the chemical reaction on its surface when the CTAB
molecules bind with 5CB. The binding of the CTAB molecules on the 5CB
microdroplet surface causes the initial bipolar configuration to reconfigure and
rearrange to form a radial internal configuration. This was when the CTAB molecule
was introduced to the SCB microdroplet suspended in the water. The bipolar internal
configuration transition to the radial internal configuration can be reversible. The

removal of the CTAB molecules bound on the surface of the SCB microdroplet can
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cause the radial internal configuration inside the microdroplet to change to a bipolar
internal configuration. This process requires the existence of the CTAB solution to be
reduced below the CMC values or removed the CTAB solution. The simplest way to
remove the CTAB molecules was to flush a constant deionized water flow. Other than
that, it is also possible to remove the CTAB molecules by introducing another molecule
to the environment, for example, glucose, cholic acid, and others. These molecules
compete with the CTAB molecules on the 5CB microdroplet surface and replace them.
Even though optical microscopy cannot see the molecules of the CTAB and the exact
arrangement of liquid crystal molecules, this limitation can be overcome by using a
cross-polarization view and introducing the lasing technique. This study quantifies the
internal configuration change inside the 5CB microdroplet by introducing optical
trapping and interpreting the optical signal resulting from the trapping of the SCB
microdroplet. This study is significant in verifying that the optical trapping signal could
be used to transduce the transitional change inside the SCB microdroplet quantitatively

and empirically.

4.9.1 5CB Microdroplet CTAB Sensing

Besides, the optical force change during the transition change of the internal
configuration inside a single trapped SCB microdroplet by a linearly polarized laser
beam was studied. The schematic diagram of 5CB interaction with the CTAB is
summarized in Figure 4.33. In this study, the sensing mechanism was based on the
transition change of the internal configuration of the trapped 5CB microdroplet from

bipolar to radial. This mechanism was observable under visual observation of a cross-



282

polarized view and the scattered optical trapping signal. In general, exposing the single
trapping S5CB to CTAB solution triggers the SCB molecules inside the to rearrange from
the bipolar configuration, which is represented by the red sphere, to the radial
configuration, which is represented by the blue sphere as shown in Figure 4.33. The
attachment of the CTAB molecules on the surface of the trapped SCB microdroplet was

responsible for the configurational change observed.

A single 5CB microdroplet having a bipolar internal configuration was initially
trapped and observed under optical microscopy and cross-polarization. The initial
internal configuration image was snapped, and the QPD signal was recorded. At t =1
minute, two drops of CTAB solution (10~ g/mL) were dropped at the edge of the cover
glass (refer to Figure 3.76) containing the trap bipolar 5SCB. The internal configuration
change of the trapped 5SCB microdroplet was monitored until it wholly changed from
bipolar to radial configuration because the detection requires the transition to change to
the stable state (bipolar to radial). Figure 4.34 shows the transition sequence change of
the bipolar 5CB microdroplet to the radial internal configuration of 1.4 um trapped at

0.2 MW/cm? linearly polarized laser beam.
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t =0 min t = 0 min t =5 min t = 10 min
t: 15 min t: 20 min t: 25 min t: 30 min
t: 35 min t: 40 min t: 45 min t: 50 min
t: 55 min t: 61 min

Figure 4.34. The transition sequence changed of the bipolar SCB microdroplet to the
radial internal configuration of 1.4 um trapped at 0.2 MW/cm? linearly polarized laser
beam.

Based on Figure 4.34, at t = 0 min, the initial internal configuration of the
trapped 5CB microdroplet was in a bipolar state. The 10 uL. of CTAB was directly
introduced to the trapped bipolar SCB microdroplet to allow interaction of CTAB
molecule attach to the SCB microdroplet surface at t = 1 minute. The cross-polarization

view images of the trapped bipolar SCB microdroplet were monitored, and the QPD
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signal was recorded for more than 1-hour to ensure bipolar SCB completely changed to
radial. At t =40 minutes, the trapped bipolar SCB microdroplet started to change to the
radial configuration, as shown in Figure 4.34. The Maltese cross structure was formed
at t = 61 minutes, indicating that the trapped bipolar SCB microdroplet has wholly
changed to the radial configuration, as shown in Figure 4.34. The corresponding QPD
signal based on Figure 4.34 is shown in Figure 4.35. The QPD signal recorded the
trajectory of the trapped 5CB microdroplet until it completely changed to radial
configuration. The trajectory data was used to calculate the displacement variance (o?)
of the trapped 5CB microdroplet, representing the confinement of the trapped particle
due to the optical force. The small o2 indicated the strong confinement of the optical
force as related by Equation 2.11. When the CTAB molecules are attached to the surface
of the bipolar 5CB microdroplet, it triggers the SCB molecules inside the microdroplet
to change to radial configuration—the change in the internal configuration change in
the effective refractive index (ordinary refractive index, ny: 1.54 and extraordinary
refractive index, n,:1.74) of the 5CB microdroplet (Niu et al., 2016). Since the
refractive index affects the optical force, the change in bipolar to radial configuration
directly can be transduced to an optical signal. Figure 4.35 shows the graph of
displacement variance versus time of 1.4 um bipolar SCB microdroplet trapped by a

linearly polarized laser beam at 0.2 MW/cm?,
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Figure 4.35. Graph of displacement variance (o2) versus time of 1.4 pm bipolar 5CB
microdroplet trapped by a linearly polarized laser beam at 0.2 MW/cm?.

Figure 4.35 shows the x-signal, y-signal, and sum-signal of the calculated o2
based on the trajectory of the trapped SCB microdroplet. The signals were stable from
t = 0 minutes until 25 minutes, as shown in Figure 4.35. The signal was stable due to
the small amount of CTAB molecules attached to the bipolar SCB microdroplet, which
was not enough to change the internal configuration inside the microdroplet to become
radial. At t = 30 minutes until 60 minutes, the fluctuation of the signals was observed
in Figure 4.35 due to CTAB molecules attached to the SCB microdroplet starting to
change the internal configuration inside the trapped microdroplet corresponding to an
internal configurational change from t = 30 minutes to t = 60 minutes in Figure 4.34.
The CTAB molecule’s hydrophobic part binds and adsorbs on the surface of the 5SCB

microdroplet, while the hydrophilic part is exposed to water as illustrate in Figure 4.33.
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The binding of CTAB molecules disrupts the delicate balance of anchoring energy and
bulk elastic energy of SCB microdroplets that keep bipolar configuration and cause it
to be triggered to radial configuration (Popov et al., 2017). Table 4.6 shows the
displacement variance of x, y, and sum signals at a particular time. The signal was
highest when t = 61 minutes, indicating that the trapped bipolar SCB microdroplet has
entirely changed to the radial configuration. The signals were highest when the trapped
5CB microdroplet was in a radial state compared to the bipolar state. This indicated that
the o2 of the trapped 5CB microdroplet in the radial state is higher than the initial
bipolar state, which is lower as shown in Table 4.6. This indirectly implied that the
optical force was smaller in a radial state than in a bipolar state. It was reported that the
experimental birefringence (An) of bipolar and radial 5CB microdroplets was 0.04 +
0.01 and 0.022 + 0.015, respectively (Murazawa, Juodkazis, & Misawa, 2005). Since
the birefringence is related to the refractive index of the SCB, and the refractive index
is related to the gradient force of the laser beam by Equation 2.6. It was expected that
bipolar SCB microdroplets would experience a stronger gradient force compared to
radial 5CB microdroplets. This hypothesis is in alignment with the reported results as
shown in Table 4.6 where 02 of x, y and sum-signals were smaller for bipolar compared

to radial 5CB microdroplets.

Table 4.6
Displacement variance (c2) at a particular time.
Time (min) Displacement Variance (62/V?)
x-signal y-signal sum-signal
0 6.37x107° 6.17x10° 5.87x107
61 6.53x107 6.55x107° 1.65x10*

This showed that the optical signal of the trapped SCB microdroplet could be
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used to transduce the sensing mechanism of the 5CB microdroplet and CTAB

molecules.

In conclusion, exposing the CTAB solution to the trapped SCB microdroplet
caused the internal configuration change from bipolar to radial for 1 hour of monitoring
time. This change was observed under the cross-polarized view in Figure 4.35, starting
from a bright spot into the Maltase-cross pattern. The change in Figure 4.35 was
quantified by monitoring the 62 change in Figure 4.36 and o2 was smaller for bipolar
and bigger for radial 5CB microdroplets. This highlights that 0 was a significant
characteristic signal for liquid crystal-based sensors by applying optical trapping of

5CB microdroplet.

4.10 Summary

In conclusion, the findings showed that the size distribution of the SCB microdroplets
decreased with sonication time; it also stables and sustains within 1-hour of
monitoring time. The 5CB microdroplet could be trapped linearly and rotated using a
circularly polarized laser beam, enabling linear translation and micro-control in
combination with a piezostage system. It was found that the corner frequency (f;) and
angular frequency (w ) showed an increasing trend with the increase of power density
(P). Exposing CTAB solution to trapped 5CB microdroplets changes the internal
configuration from bipolar to radial. This study implies that single optical trapping of

5CB microdroplets in water can be used for prospective actuating and sensing
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applications.

Optical manipulation of 5CB microdroplets has huge potential in actuating and
sensing applications. The actuating application required the control probe to perform
a mechanical work or movements. The optical manipulation of the optically trapped
5CB microdroplet in water offers various micro-control and movements controls for
actuation applications. For example, the optically trapped SCB microdroplet can be
translated and moved to a specific direction in water. In addition, the internal
configuration inside the SCB microdroplet can also be controlled contactless using
optical trapping. The exposure of circularly polarized light on the bipolar and radial
5CB microdroplets resulted in a rotational effect. All these results, micro-controlled
by optically trapped SCB microdroplets, create a mechanical work or movement that
can be applied for actuating application. The corner frequency (f.) and angular speed
(w) were dependent on the optical power density (P); hence, the strength of the
confinement and rotation could be increased or decreased. This is the benefit of the

optically trapped SCB microdroplet in water to assist in for actuating application.

In the context of sensing applications, the SCB microdroplet-based sensor is
based on the transition change of internal configuration from bipolar to radial or from
radial to bipolar. Optical trapping of SCB microdroplet in water offers a technique to
sense and detect quantitatively optical signals of the transition of internal
configuration from bipolar to radial internal configuration in this study. f,, w and ¢
can be used as the sensing characteristic for detection during the transition change.
For example, the optical force confinement on the same bipolar and radial SCB

microdroplet optically trapped was different as indicated by 02 measured. In addition,
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the rotation of 5CB microdroplets between bipolar and radial due to circularly
polarized light showed a different trend in rotational behavior, and was dependent on
the size. The bipolar SCB rotated in the center of the laser spot, while the radial SCB
microdroplet rotated by orbiting around the laser spot. Hence, all these differences in
02, rotational behavior during optical trapping of a single 5CB microdroplet in water

is beneficial to assist for sensing applications.



CHAPTER 5

CONCLUSIONS AND RECOMMENDATION

5.1 Introduction

This chapter concludes the findings of this study. First, the chapter concludes the
formulation of the SCB microdroplet suspension in water. Next, the optical trapping of
a single 5CB microdroplet in water at a specific optical power density and microdroplet
radius is concluded. In addition, the micro-control of a single SCB microdroplet using
optical tweezers is also concluded. Finally, this section concludes the conclusion on the
corner frequency (f.), angular speed (w), and displacement variance (02) of the

optically trapped SCB microdroplet is concluded in this section.
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5.2 Conclusion

The conclusions are drawn based on the outlined objectives.

Objective 1: To formulate the production of 5CB microdroplets within a suitable range

to be optically trapped.

There were two types of SCB microdroplet suspension formulated in this study:
bipolar and radial. The bipolar SCB microdroplet suspensions was produced by
adjusting the ratio of liquid 5CB and deionized water by (1:4000), the radial 5CB
microdroplet suspensions was produced by adjusting the ratio of liquid 5CB,
cetyltrimethylammonium bromide (CTAB) solution and deionized water by
(1:40:4000) and sonication times ranging from 1, 2, 3, and 10 minutes. It was found
that for both bipolar and radial 5CB microdroplets, suspension generated:

a) The distribution size of both SCB microdroplets was reduced with the sonication
time.
b) Both 5CB microdroplet suspensions were stable and sustained for 1 hour of

monitoring time.

Objective 2: To optically trap a single 5CB microdroplet within a suitable size range

using 976 nm laser.

It was found that the single SCB microdroplet could be trapped using the
linearly polarized laser beam. The range of suitable optical power density used to trap

a single 5CB microdroplet in this study optically was 0.2 MW/cm? to 7.3 MW/cm?.
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Meanwhile, the range of SCB microdroplets successfully trapped in this study was 0.6

pum to 3.7 um radius.

Objective 3: To optically micro-control a single 5CB microdroplet using a circularly

polarized laser.

It was found that:

a) The internal configuration of the optically trapped bipolar 5CB microdroplet
corresponds to the polarization direction of the linearly polarized laser beam.
Meanwhile, the optically trapped radial SCB microdroplet does not respond to
the linearly polarized laser beam directional change.

b) The single optical trapping of bipolar and radial SCB microdroplets rotated
under the circularly polarized laser beam.

c) The 5CB microdroplet could be linearly translated and rotated using a
circularly polarized laser beam, enabling simultaneous linear translation and

micro-control.

Objective 4: To quantitatively determine factors that affect the optical manipulation of

the 5CB microdroplet for actuating and sensing applications.

It was found that the optical trapping of a single bipolar and radial:
a) The f_ increased with the increase of the optical power density, P.

b) The w increased with the optical power density increase, P.
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¢) The o? changed with the internal configurational change of the trapped radial
5CB microdroplet.

d) The comer frequency, f,, angular speed, w, and displacement variance, o2
could be used as the characteristic sensing parameter for liquid crystal-based

SENSOrs.

5.3 The Research Novelties

The optical trapping technique provides a novel control of SCB microdroplets in water.
Not all material in the form of liquid can be trapped and manipulated. The birefringence
characteristic of the SCB enables it to be optically trapped at the laser focus. The trapped
5CB microdroplet can be manipulated in 3-dimension x-, y-, and z. The 5CB
microdroplet in bipolar configuration can be oriented by controlling the direction of
trap laser polarization. The circularly polarized laser beam can rotate the trapped SCB
microdroplet. The power density of the trapping laser enables the speed control of the
rotating 5SCB microdroplet. In addition, the rotated 5SCB microdroplet could be
simultaneously translated. All the manipulation and controlled techniques prove the
novel use of 5CB microdroplet trapping for actuating applications either in bipolar or
radial internal configurations. This manipulation and control technique could be applied
to control the flow of the liquid in a system or measure the viscosity of the liquid based

on the rotation of the trapped rotating SCB microdroplet-based actuator.

Next, this study's novelty was quantifying the optical signal of the single trapped

5CB microdroplet in water to internal configurational change inside the microdroplet.
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Prior researchers focused on qualitatively observing the SCB microdroplet optical
trapping without studying the optical signal. The quantification of the optical signal
based on the SCB microdroplet configuration change shows a significant difference in
the optical force strength which is represented by the corner frequency (f.) parameter.
Depending on their internal configuration, the same SCB microdroplet could experience
different optical forces. The determination of f. for bipolar and radial 5CB
microdroplets showed a slight difference in optical strength. This slight difference in
optical force strength was proven by studying the simultaneous transition change of the
trapped SCB microdroplet from bipolar to radial state exposed to CTAB solution. The
displacement variance (02), which represents optical force strength, was higher for
bipolar than radial 5SCB microdroplets. This highlights that the novel change in internal
configuration inside the SCB microdroplet also affects its effective refractive index.
Since optical force depends on the effective refractive index, this small change in
refractive index due to internal configuration transition can be translated to an optical

signal. Hence, f, and 0 parameters can be potentially used for sensing applications.

In addition, the SCB internal configuration also has a different mechanism for
angular momentum transfer. Our finding highlights SCB microdroplets of 1.3 um
radius rotated when exposed to 1.1 MW/cm? optical power density, but the exact size
of radial 5CB microdroplets does not rotate. The radial 5CB has a smaller birefringence
due to the radial structure than the bipolar SCB. This highlights that the internal
configuration of bipolar and radial 5CB microdroplets affects angular momentum
transfer. The characteristic could be used as a novel sensing mechanism based on the

rotational-configurational change of the 5CB.
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5.4 Implications

This study demonstrated that the optical trapping of a single SCB microdroplet in water
is possible even though the optical trapping in a liquid microdroplet is challenging
compared to the trapping of a solid particle. It has been shown that SCB microdroplets
could be optically trapped in the water with the appropriate optical power density and
suitable microdroplet size. Besides, the optical trapping technique offers the
manipulation and micro-control of the SCB microdroplet in the water. The internal
configuration inside the trapped 5CB microdroplet could be oriented by controlling the
polarization direction of the linearly polarized light. Besides, the circularly polarized
light on the trapped 5CB microdroplet produces an optical torque that rotates the
trapped SCB microdroplet. The rotation direction could also be controlled by adjusting
the angle of the quarter-wave plate. This showed that polarization control could impose
different dynamic behavior on the trapped SCB microdroplet. It is also interesting that
the simultaneous linear translating and micro-control on the trapped SCB microdroplet
could be performed without the SCB microdroplet escaping from the trap spot. These
features of SCB micro-control during optical trapping highlight the possibilities of SCB

micro-actuator applications.

Besides, S5CB is unique because it has a stable bipolar and radial configuration
in microdroplet form. This study quantified the optical signal of bipolar and radial 5CB
microdroplets trapped by the optical tweezers. The optical signal is analyzed to measure
the optical stiffness of the trapped bipolar and radial 5CB microdroplet. The parameter
corner frequency justifies the strength of the optical stiffness for both single optically

trapped bipolar and radial SCB microdroplets. The corner frequency of the optically
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trapped bipolar and radial 5CB microdroplet showed dependency on the laser power
used. The trend of corner frequency for bipolar SCB microdroplets shows a sharp
gradient compared to radial SCB microdroplets. This indicated the strong optical
confinement of the bipolar 5CB microdroplet compared to the radial 5SCB microdroplet.
This highlights that corner frequency could be used as the characteristic sensing

parameter, especially in sensor applications.

In addition, the angular speed of the optically trapped bipolar and radial 5CB
microdroplet also depends on the laser power. The signature of the angular speed
comparison between bipolar and radial SCB microdroplets is that the small bipolar SCB
microdroplet rotates at the small laser power. In contrast, the small radial 5CB
microdroplet shows no rotation at lower laser power. The bipolar SCB microdroplet
rotates can easily rotate when trapped by circularly polarized light at lower threshold
laser power. Meanwhile, the radial 5CB rotation starts at a higher threshold laser power,
especially when the microdroplet size is smaller. In simple words, at the same laser
power used and the same size, the bipolar SCB rotates while the radial SCB does not
rotate. This unique behavior can be the sensing parameter by observing the rotational
dynamic of the trapped S5CB bipolar and radial. Lastly, the instantaneous
configurational change from bipolar to the radial configuration of the single 5CB
trapping exposed to the CTAB solution was studied to prove that the configurational
change affects the optical stiffness change. The parameter called displacement variance
is introduced to study the trajectory based on the optical signal when the trapped SCB
microdroplet changes from bipolar to radial configuration. Displacement variance is
inversely proportional to optical stiffness. It is unique to find that the displacement

variance for bipolar 5CB is higher than radial. This indicated that the stiffness reduced
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when the bipolar SCB transitioned to radial. The study showed that parameter corner
frequency, angular speed, and displacement variance could be the sensing parameter,

especially for SCB-based sensor applications.

5.5 Recommendations

The optical trapping of the SCB microdroplet in the water can be used in microactuator
and sensing applications. However, this application requires the minimization of the
5CB microdroplet size. Smaller microdroplet sizes are beneficial since the surface-to-
aspect ratio can be increased for higher-sensitivity sensors. The size of the 5CB
microdroplet can be further decreased by increasing the sonication time. Other
techniques, such as microfluidic, can also produce a homogenous size of the 5CB
microdroplet, but the size of the SCB microdroplet was relatively larger. It also
recommended combining homogenizer and sonication to produce the smaller SCB
microdroplets. Smaller microdroplet sizes come with the cost of a sensing mechanism,

which requires a method different from that used by optical tweezers and QPD.

The distribution size of the SCB microdroplet size measurement using ImagelJ
software is sufficient. However, to increase the accuracy of the measurement made, the
distribution size of the SCB microdroplet can be done using a static light scattering
(SLS) instrument based on Mie and Fraunhofer scattering theories (CILAS particle size
analyzer, Model 1090). This instrument determines the particle size from the intensity-

time fluctuation of the two laser beams scattered from a sample at an angle of 173° and
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90°. This technique provides a more sensitive and accurate particle size measurement

than ImageJ software.

The current study uses an oil-immersion type objective lens to create a strong
optical tarp in the sample. However, using an oil-immersion type objective lens has
limited working distance. The focal spot has limited control in the z-axis control, which
becomes problematic when the cell chamber is thicker. The focal spot should be placed
far from the glass wall of the cell chamber to reduce the glass interfacial effect on the
optical signal. It is recommended to use an air-type objective lens with a long-range
working distance for z-control and flexibility of SCB microdroplet control to prevent

the deformation of fragile liquid droplets.

Deionized water is the medium of the optical trapping of the SCB microdroplet
used in this study. The water medium can be changed to another medium, such as
Phosphate Buffer Saline (PBS) solution, to mimic the actual environment to study
internal configurational change, especially for sensing applications. The selected
medium refractive index must be lower than the refractive index of the 5CB to ensure

the SCB is trapped at the laser focal spot.

In addition, this study could not trap SCB microdroplets of size 0.5 um and less.
This is because the size of the SCB microdroplet is too tiny and does not appear clear
on the CCD camera. This is probably due to the limited resolution of the CCD camera
(~ 500 nm). Using the CCD camera with a higher resolution would be recommended to
observe the small 5CB microdroplet. Another alternative to increase the visibility of the

small 5CB microdroplet is doping with dye particles. However, using the dye particle
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requires a particular component, fluorescent microscopy, to observe the small

microdroplet less than 0.5 pm.

Lastly, extending this study by examining the multiple optical trapping of SCB
microdroplets at definite laser power is also recommended. The multiple trapping of
5CB microdroplets at the focal spot might contribute to the formation of microdroplet
cluster assembly, which has a definite structure. It would be expected that the size of
the microdroplet cluster depends on the laser power used. There is also the possibility
that this microdroplet cluster assembly might combine and form a single larger SCB
microdroplet during the optical trapping process. In addition, it is also interesting to
study the different dynamics of the microdroplet cluster assembly when it is exposed to

circularly polarized laser beams for both bipolar and radial.

5.6 Summary

This chapter discussed the conclusion and the recommendation of the study. The
formulation of the SCB microdroplet suspension in water was successfully studied in
the context of distribution size and stability. The single optical trapping of 5CB
microdroplets in water is possible using a linearly polarized laser within appropriate
laser power and microdroplet radius. The laser beam's linear translating and
polarization control could control the optically trapped SCB microdroplet. The corner
frequency and angular speed dependency on the optical power density of a single SCB
trapping was investigated. It was verified that the displacement variance of the single

trapping SCB changed with the internal configurational change.
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Recommendations and suggestions to improve this study in the future were
made. Some of the improvements suggested, such as the technique to produce smaller
5CB microdroplets, technique to measure distribution size, objective lens used, type of
medium, increase of CCD camera resolution, and dye doping technique, are suggested.
Multiple 5CB trapping was also suggested to study the trapping assembly to open a new
field of trapping assembly. This improvement will encourage this study to be more

comprehensive and more meaningful.
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APPENDIX B: SYSTEM SPECIFICATION

A. OT Specification

Item OTKB/M
Trap Force ~10 pN
Spot Size [.1 pm
Depth of Focus 1.0 pm
Laser Wavelength 976 nm
Max Power at The Fiber Output 340 mW
B. Piezostage Specification
Item # MAX311D(/M)
Manual Drive Specifications
Item # DRV3
4 mm (0.16")
Travel Range 300 um Fine
Coarse Adjustment 300 pm/rev
Fine Adjustment
(with Vernier Scale) 50 um/rev
Piezo Specifications
Control Closed Loop
Voltage Range 0-75V
Travel Range 20 um
Theoretical Resolution 5 nm
Bidirectional Repeatability 50 nm

Absolute On-Axis Accuracy

1.0 pm
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APPENDIX C: COMPARISON OF CORNER FREQUENCY PER
MICRODROPLET RADIUS COMPARISON

A. Comparison of Corner Frequency per Microdroplet Radius (%) against

microdroplet radius (r) for chloroform, toluene, 1,2-dichlorobenzene, bipolar
5CB, and radial 5CB microdroplets.
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APPENDIX D: ANGULAR SPEED PER MICRODROPLET RADIUS
COMPARISON

A. Bipolar 5CB Microdroplet

B. Radial 5CB Microdroplet



