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ABSTRACT

In recent years, with the miniaturization of mechanical devices and objects, micromanipulators
capable of high-precise control of micro to nanoscale objects have been required for the applicabil-
ity of biomedical applications and MEMS. In respond to this demand, research on the development
of various micromanipulator and microactuator systems have actively been conducted. Focusing
on the phase interface existing at the boundary between the isotropic and liquid crystal phases,
West et al. proposed a micromanipulator system that takes advantage of the phase interface and
physical characteristics of a nematic liquid crystalline material. This micromanipulator can cre-
ate a phase interface between the nematic liquid crystal and isotropic phases through temperature
distribution, in which the phase interface of the nematic liquid crystals is capable of capturing and
dragging microscale particles from one place to another.

When the particles are on the phase interface, they are subjected to a force whose direction is
perpendicular to the phase interface and toward the isotropic phase region. Then, the interfacial
force arises from the disturbance of the molecular orientational field inside the nematic liquid
crystal phase, and the nematic phase region acts to exclude the microscale objects into the isotropic
phase region. That is, it is possible to develop a micromanipulator system capable of controlling
the position of objects by utilizing the interfacial force generated at the phase interface as a driving
source in thermotropic liquid crystals. Therefore, this micromanipulator is a mechanical device that
can be carried out as thermal and kinetic energy through the phase change in thermotropic liquid
crystals. Previously, Tsuji and Chono proposed a manipulator system to measure the nematic-
isotropic phase interfacial force of a 4-cyano-4’-pentylbiphenly liquid crystal (where the phase
interface of a nematic liquid crystal drags a polystyrene particle with diameter of 30um and density
of 1.19 g/cm?), and they found that the force is about 1.4nN.

To further explain, thermotropic liquid crystals are the only material that possess two distinctive
fluid phases, where the spatial coexistence of two fluid phases (liquid crystal and isotropic phases)

depends on the temperature distribution. It is noted that both the liquid crystal and isotropic phases
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are capable of infinite deformation, and the volume change and heat transition associated with the
phase change is relatively unchanged. From the physics perspective, the nematic liquid crystals
exhibit a high degree of long-range orientational order of molecules in the molecular orientation
field, such that the rod-like (or disk-like) molecules have orientational order, but no translational
order. However, in the isotropic phase of thermotropic liquid crystals (i.e. nematic liquid crystals),
molecules in the molecular configuration lacks both orientational and translational order. In other
words, the order of the molecular configuration differs between the nematic and isotropic phases,
where the molecules are orientationally ordered only in the nematic phase. On the other hand, the
molecular configuration of smectic liquid crystals exhibit the layer structure (i.e., possess transla-
tional order) in addition to the orientational order, and the deviation of the orientational order and
the layered structure from their equilibrium state may cause the greater phase interfacial force than
that for the nematic liquid crystal materials.

In the first part of this work, we have chosen three distinctive thermotropic liquid crystal ma-
terials, which are the SCB 4-cyano-4’-pentylbiphenyl, 8CB 4-cyano-4’-octylbiphenyl and 12CB
4-cyano-4’-dodecybiphenyl liquid crystals. The SCB liquid crystal provides the phase interface
between the nematic and isotropic phases at 7 = 35.2 °C. The 8CB liquid crystal possesses phases
of nematic and isotropic phases, and nematic and smectic phases. The 8CB liquid crystal provides
the phase interface between the nematic and isotropic phases at 7 = 40.5 °C and the phase in-
terface between the nematic and smectic phases at 7 = 33.5 °C. Lastly, the 12CB liquid crystal,
having a higher layered structure of molecules in the molecular orientation field, provides a phase
interface between the smectic and isotropic phases at T = 58.5 °C. The liquid crystal materials are
individually enclosed between two rectangular glass plates treated with a homeotropic alignment
treatment. When a temperature distribution is applied through the ends of the liquid crystal cell,
two phases appears in which are separated by a phase interface. Therefore, the stable phase in-
terfaces are created by controlling the temperature distribution of the encapsulated liquid crystal
material, and the interfacial force is evaluated by tracking and trapping microscale particles, which

fall from a higher temperature phase into a lower temperature phase between the liquid crystal
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and isotropic phase interface. We have found that the 12CB liquid crystal provides the highest
interfacial force when trapping a tungsten carbide particle of density of 15.63 g/cm?® and diameter
of 100um. This interfacial force was estimated to be 76nN, which is more than 13 times stronger
than that of the nematic-isotropic phase interfacial forces of SCB and 8CB. From these results, the
application of a greater interfacial force can be achieved by utilizing the phase interface in smectic
liquid crystals for better micromanipulator systems. In addition, it is reported that the liquid crystal
interfacial forces depend on the size of a spherical particle. A theoretical discussion on the stress
acting on the surfaces of spherical particles is considered for generalizing our results. Lastly, the
capturing of spherical particles utilizing the phase interfacial forces of the 6CB, 7CB, 9CB and
11CB is attempted, respectively.

Secondly, another liquid crystal mechanical device has been proposed by utilizing the elastic-
ity of the molecular orientation field in nematic liquid crystals. In nematic liquid crystals, when
there is a spatial distortion in the director field of the molecules, the local energy density can be
represented by the Frank elastic energy density. Some of the factors to create a distorted director
field may consist of orientational anchoring at the solid boundary of a container, electric or mag-
netic fields, and flow. By using the energy when the molecular orientation field of a nematic liquid
crystal filled between two small circular glass plates is distorted by the anchoring condition, the
rotation of an upper glass plate is achieved. Our experimental results confirm that an upper glass
plates rotates 90° counterclockwise with the relaxation of the director field, so the development of
unique mechanical elements can be expected for future liquid crystal applications. A theoretical
approach was attempted through the use of the Frank’s energy theory and Leslie-Ericksen elasticity
theory to quantify a physical description of the anchoring condition between the lower and upper

circular glass plates.
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NOMENCLATURE

Frank elastic constant: splay
Frank elastic constant: twist
Frank elastic constant: bend
Director

Angle of the rotational upper glass plate
Angular velocity

Radius

Gap between glass plates
Rate of strain tensor
Viscosities

Miesowicz coefficients
Inertia

Nematic

Smectic

Isotropic

Phase interfacial force
Gravity

Buoyancy

Drag force

Mass of particle

Velocity of the particle

Density of the particle



p Density of the liquid crystal material

dv,/dt Acceleration of the particle
T Elastic stress of the liquid crystal
P Stress acting on the particle
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1. INTRODUCTION

1.1 Background

In recent years, the miniaturization of mechanical systems applicable for MEMS has led to the
demand for micromanipulators capable of high-precise control of micro to nanoscale objects, such
as the manipulation of biological cells [2, 3, 4] and micro-beads [5, 6]. A micromanipulator is
defined as a mechanical system capable of transporting small objects from one location to another
under a microscope, and it is indispensable for observing and handling them without the use of
a microscopic observation instrument. However, in conventional micromanipulator systems, its
mainstream is to utilize a needle-like metal probe at the tip of a robotic arm to manipulate a mi-
croscopic object [7], which may damage the object during the manipulation process. Besides, this
micromanipulator system can become enlarged in size and complicated since a high-precision con-
trol mechanism is required. For attempt of this issue, it has been proposed in the past that the use
of a moving nematic-isotropic phase interface allows the soft manipulation of microscale particles
(8, 9].

It is known that there is an interfacial force at the interface of two different phases, such as solid-
liquid and liquid-air. The thermotropic liquid crystals are the only materials that can create a liquid-
liquid phase interface, in which an interface is formed between the liquid crystal and isotropic
phase. Furthermore, thermotropic liquid crystals are classified into nematic and smectic liquid
crystals depending on the orientational and translational order of the rod-like molecules [10, 11].
The nematic liquid crystals have molecular orientational order but no translational order, while
the smectic liquid crystals have both alignment order and one-dimensional translational order.
However, in the case of the isotropic phase, there is neither orientational nor translational order.
The spatial coexistence of the liquid crystal phase and isotropic phase depends on the temperature
distribution. Figure 1.1 shows the chemical structures of liquid crystalline materials and their phase

transition temperatures.
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Figure 1.1: Schematics of the thermotropic liquid crystal compounds with respect to the phase
transition temperature.

An interfacial force is generated at the liquid crystal-isotropic phase interface, and can softly
actuate or manipulate the objects within an encapsulated liquid crystal cell. Figure 1.2 represents
the future image of the liquid crystalline micromanipulator system. The liquid crystalline mate-
rial is encapsulated between two glass plates, and high resistance electrodes are used to heat the
material. By controlling the temperature of the liquid crystalline material, a phase interface is cre-
ated and displaced to actuate objects. This actuator device can be miniaturized and be used for
transferring and handling microscale objects, such as micro-beads or biological cells.

Recently, Kamei ef al. [12] attempted to utilize the interfacial force between the nematic liquid
crystal and isotropic phases to trap and manipulate a microscale object (spherical polystyrene par-
ticles of diameter 30um and density of 1.19 g/cm?). Their experimental setup and experimental
results are shown in Figure 1.3. When the particle makes contact at the phase interface, the ne-

matic molecular orientation field is disturbed; thus, the energy of the molecular orientation field
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Figure 1.2: A possible case for creating a temperature distribution is by supplying electric currents
to the ITO layer that will partly heat the liquid crystal material to generate a phase interface between
the liquid crystal-isotropic phases. The schematic shows (a) a proposed actuator device suitable
for MEMS that can be miniaturized, (b) can drive objects by the liquid crystal-isotropic phase
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Figure 1.3: (a) The overall schematic diagram of the micromanipulator system. (b) A sequence
of microscopic images of the moving nematic-isotropic phase interface in a time interval ; the
nematic-isotropic phase interfacial force to drive a polystyrene particle has been estimated to be
1.4nN. (c) When the particle invades the nematic region, the molecular alignment field of the liquid
crystal is disturbed (thus, it increases the molecular orientation field energy,) and creates a force to
push the particle into the isotropic phase.



increases, creates a force and pushes the particle up to the isotropic phase. Therefore, for the mo-
tivation of this research is to develop a liquid crystal micromanipulator, which can softly move
objects at any specific direction. For the application of the micromanipulator, it is essential to
measure the phase interfacial forces of various thermotropic liquid crystal phases. If this device
is realized, it will be possible to move biological cells freely in pathological examinations without

damaging them, which is expected to lead to more accurate diagnosis in the biomedical field.
1.2 Objectives

The interfacial force between the nematic and isotropic phases is just 1.4nN, and it is not
strong enough for lab-on-a-chip devices or micromanipulators. We propose the use of the smectic
liquid crystal, which has a higher alignment order of molecules than that for the nematic liquid
crystal and may generate a stronger interfacial force. Therefore, the objective of this research
is to measure the interfacial forces of the cyanobiphenyl liquid crystalline materials. The phase
interfacial force of a SCB, 8CB and 12CB has been evaluated, respectively. The capturing of a
polystyrene particle utilizing the nematic-isotropic phase interfaces of a 6CB, 7CB, 9CB has been
attempted. In addition, the capturing of a tungsten carbide particle utilizing the smectic-isotropic
phase interface of the 11CB liquid crystal is attempted. It is found that the force of the smectic-

isotropic phase interface is much stronger than that of the other phase interfaces.
1.3 Thesis organization

The thesis will be organized as follows. In chapter 2, a background of current microactuator
and micromanipulator devices and the properties of thermotropic liquid crystalline materials will
be discussed. We will describe the interaction between the rod-like molecules in liquid crystals, the
short-range order (microscopic) and long-range order (macroscopic) of the molecular orientation
field. The particle driven mechanism will be described from the Frank elastic energy density. In
chapter 3, we will focus on the interfacial force between the liquid crystal and isotropic phases of
three distinctive thermotropic liquid crystalline materials. The experimental methods and results

will be discussed. A brief discussion on the stresses acting on the surface of a particle will be



presented to generalize our results. In chapter 4, the elasticity of the molecular orientation field
of a nematic liquid crystal will be discussed. Lastly, in chapter 5 and chapter 6, conclusions and

future work will be presented.



2. BACKGROUND

2.1 Introduction to micromanipulators

The manufacturing of micromanipulators capable of precise manipulation of microscale objects
has been revolutionized in the past decades. The purpose of a micromanipulator is to miniaturize
the instrument so it can be utilized in a laboratory environment. An example of a micromanipula-
tor is an electrostatic microelectromechanical system gripper [13]. The scale of the microgripper
ranges closely to the scale of microscopic objects. First, spherical particles are suspended in a
fluid, and the spherical particles are aligned through an ultrasonic field. Then, the microgripper
is inserted inside the fluid and a microsphere particle is gripped and placed on a dry glass plate.
Another micromanipulation technique is by utilizing the Bessel light beam technique. This tech-
nique has demonstrated that microscale objects can be moved or separated with the Bessel light
beams [14]. Moreover, the Bessel light beam can be used as a tweezers without the need of any
apparatus. The particle velocity during the manipulation process using the Bessel light beams have
been reported to be ranging between 5 to 10 um/s.

The manipulation of microscale particles using a moving nematic-isotropic phase interface
has been proposed as a future option of a micromanipulator technique [8, 9]. When a particle
contacts the nematic liquid crystal phase, the molecular orientation field is disturbed; thus, the
energy is increased. That increased energy creates a force that allows the drag of microscale
particles. Previously, it was found that the maximum interfacial force of a 5CB liquid crystal can
transfer a 30 um low density particle (polystyrene) at a moving phase interface velocity of 70
um/s [12]. However, that interfacial force limits the capability of dragging or transferring heavier
microscale objects. Therefore, it has been proposed that the use of the smectic liquid crystals can
allow the transferring of not only of light weight particles, but heavy weight particles as well. The

following section will discuss the background of the physics of liquid crystals.



2.2 Background of liquid crystals

Over the past decades, the liquid crystalline materials have become a great interest of study
due to their optical [15], electromagnetic [16], mechanical anisotropic [17, 18] and flow proper-
ties [19, 20]. Specifically, liquid crystals have been used in the development of flat panel visual
display devices, liquid crystal displays, biological membranes (e.g. lamellar liquid crystals) and
drug delivery. Liquid crystals are a state of matter that occurs between the solid crystal state
and the isotropic liquid state, as shown in Figure 2.1. Liquid crystals have been known to be an
anisotropic structure because the liquid crystals exhibit different physical properties in different
locations throughout the medium. Liquid crystals were discovered by Reinitzer in 1888, where he
discovered that a typical fluid material had two melting points. When the sample was heated to a
melting point transition, the fluidity of the sample was showing cloudy-based liquid, then the sam-
ple appeared to have another melting point where the cloudy liquid became a pure liquid at higher
temperatures. Because of this discovery, the liquid crystals were further studied, which nowadays
the applications of the liquid crystals have expanded from biomedical to industrial applications.

Generally, liquid crystals are composed of lyotropic liquid crystals, a phase change of con-
centration in a solvent, and thermotropic liquid crystals, phase change in temperature dependency.
Particularly, liquid crystals consist of elongated rod-like molecules where the preferred local di-
rection of the liquid crystal molecules is called the director field, n. Therefore, the director field of
the liquid crystal molecules is defined as the unit vector that describes the average molecular con-
figuration and alignment in liquid crystals [10, 11]. It is noted that the nematic phase is uniaxial,
the uniaxial symmetry of the molecules has no polarity.

As shown in Figure 2.2, the thermotropic liquid crystals are classified into the nematic, the
smectic A, the smectic C and the cholesteric liquid crystal depending on the order of alignment
and arrangement of the rod-like molecules. To describe each liquid crystal, the nematic liquid crys-
tals possess of long axes of constituent molecules, and the molecules tend to align parallel to each
other along the anisotropic axis. Also, the nematic liquid crystals possess the molecular orientation

order, but lack translational order. Smectic liquid crystals are commonly classified depending on
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Figure 2.1: Schematic representation of the molecular order in the crystal, liquid crystal and
isotropic phases with temperature distribution in the liquid crystalline material. The liquid crystals

are the only materials that can create a liquid-liquid phase interface, where an interface is formed
between the liquid crystal and isotropic phases.
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Figure 2.2: Thermotropic liquid crystals are classified into nematic liquid crystal, smectic liquid

crystal, and cholesteric liquid crystal depending on the order of alignment and arrangement of the
rod-like molecules in the molecular orientation field.
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Figure 2.3: The three types of deformation at the molecular configuration in a nematic liquid
crystalline material

the alignment of the molecules. In addition, the smectic liquid crystals are highly-layered struc-
tures having a well-defined interlayer distance between the molecules. The most commonly used
smectic liquid crystals are the Smectic-A and Smectic-C liquid crystals. The preferred averaged di-
rection of the molecules in the smectic-A liquid crystals are aligned perpendicular to the layers and
the molecules are parallel positioned normal to the layered structure. In smectic-C liquid crystals,
the average director field of the molecules is tilted to an angle normal to the layered structure. The
tilted angle of the smectic molecules usually depends on the temperature distribution of the mate-
rial. Unlike the nematic liquid crystals, the smectic liquid crystals possess molecular orientational
order and a 1-dimensional translational order. Cholesteric liquid crystals possess similar physical
properties to the nematic liquid crystals, except that the molecular orientation structure shows a
preferred configuration that is helical structured. Therefore, the director field of the molecules is
not fixed uniformly, but rotates along the helical axis. The director alignment varies throughout
the liquid crystal phase with a periodicity of P/2, where P is the pitch of the helix.

The static theory of nematic liquid crystals employs the director n that describes the mean

molecular alignment at a given point x in the medium or volume sample. Therefore, the director



field n is defined as n = n(x) at a point x, where the n-n = 1. It is noted that the nematic liquid
crystals lack polarity, meaning that n and —n are indistinguishable. The deformation of the director
field are considered as the splay, twist and bend curvature strains, where the distribution of the
director n is represented in Figure 2.3.

Oseen and Frank considered an integrand that was quadratic in the gradients of the director
field [10]. They postulated the free energy density per unit volume for the deformation of the

director field as

1 1 1
W:E(KI(V-n)Z—FEKZ(n-V><n)2+§K3(n><V><n)2. 2.1)

As explained before, the smectic liquid crystals have some degree of orientational order and posi-
tional order. In the smectic-A liquid crystals, the molecules are arranged perpendicular to the layer
structures. The molecules in the smectic liquid crystals are in the direction normal to the layers
in a 2-dimensional configuration. However, the velocity of the molecules and the layers may not
have the same velocity even though they are in the same spatial direction. A nonlinear continuum
theory for the smectic-A liquid crystals have been established [21]. In the case of the smectic A
liquid crystals, the molecules prefer to be normal to the layers with the direction of n = V¢, and a

free-energy functional is considered as

fi= 5 (n—v0)B(n-V9), @2

where B=B 1+ (BH — B )nn. Therefore the total free energy for the smectic A liquid crystals is

represented as

W= %(Kl(v.n)z + %Kz(n-v «n)? 4 %Kg(n <V xn)2+ %(n—V(p)TB(n— Vo).  (23)

2.3 The mechanism of the drive of particle by a phase interface

The interplay between colloidal particles and the phase interface of nematic liquid crystals

have played an important role in the applications of the liquid crystals [22, 23, 24]. A specific
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example is the topological defects occurring in nematic liquid crystals caused by a suspended
particle inside the liquid crystal material, which is known as the Saturn ring of disclination [25]. As
a result, researchers examined the energy and stability of the interaction between the particle and
liquid crystal through experimental and simulation from this topological defect [26]. In addition,
analytical expressions for the director field around colloidal particles with anchoring on the surface
of the particle have been studied in the past [27].

Figure 2.4 shows a spherical particle surrounded with the rod-like molecules. In the isotropic
phase region, there is no order regarding the molecular orientation, the distortion energy does not
increase even with the presence of the particles inside the region. Figure (b) shows the particle
appearing in the nematic phase region, where the particle invades the molecular orientation or-
der. In (c), when the particles tries to invade the liquid crystal region, the distortion energy of the
molecular field increases because of the directional order in the liquid crystal molecules. When
the particle is in contact with the phase interface between the liquid crystal and isotropic phases,
the energy is not increased above the particle, but the distortion energy increases below the parti-
cle. Hence, an upward force acts upon the particle. Therefore, the energy generated at the phase
interface is experimentally demonstrated, and it is considered that the particle prefers to exist in a
state above the liquid crystal bulk region. Taking note that the size of the liquid crystal molecules
is about 10° smaller compared to the particle size in um. Similarly in the smectic liquid crystals,
molecules are aligned normal to the layers, which exerts a higher force compared to the nematic
liquid crystals. When the particle tries to invade the high-layered structures of the smectic liquid
crystals, as shown in Figure 2.5, molecules in the smectic phase are disturbed, and it generates
a strong force in the smectic-isotropic phase interface. Therefore, micromanipulators with strong

force can be developed using the smectic-isotropic phase interface.
2.4 [Elasticity in the molecular orientation field of nematic liquid crystals

The distortion in the molecular orientation field of the liquid crystal molecules have played
an important role in the applications of liquid crystals. Some factors to create a distorted director

field may consist of orientation anchoring at the solid boundary of a substrate [28], electric or
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Figure 2.4: The schematics of the molecular orientation field around a spherical particle in nematic
liquid crystals. The schematic is described as follows: (a) spherical particle in the isotropic phase

region, (b) spherical particle in the nematic phase region, and (c) spherical particle trapped in the
nematic-isotropic phase interface.
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Figure 2.5: The schematics of the molecular orientation field around a spherical particle in smectic
liquid crystals. The schematic is described as follows: (a) spherical particle in the isotropic phase

region, (b) spherical particle in the smectic phase region, and (c) spherical particle trapped in the
smectic-isotropic phase interface.



magnetic fields, and flow [8, 29, 30, 31, 32, 33]. By changing the orientation structure of the
liquid crystal molecules by applying an electric field and the viscous force due to the flow of the
liquid crystal, so called backflow, has been investigated to move an object in contact with the
liquid crystal. Therefore, by changing the orientation direction of the liquid crystal molecules, a
device can convert electrical energy into kinetic energy, so the development of unique mechanical

elements can be expected for future liquid crystal applications.
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3. Capture of micro-scale objects utilizing the smectic-isotropic phase interfacial force for

the development of soft-manipulation devices

3.1 Introduction

The precise manipulation of biological cells and microscopic particles has become an impor-
tant interest of study for the new development of micromanipulator systems suitable for MEMS
and u-TAS modern technologies. The manufacturing of electrostatic microgrippers [13], bessel
light-beam and light-driven optical micromanipulation [14, 34], laser-scanning micromanipulation
[35], non-contact ultrasound particle micromanipulation [36, 37, 38] are just few widely potential
examples of a micromanipulator technique.

The manipulation of particles utilizing the phase interface between the nematic liquid crystal
and isotropic phases has been proposed as one option for future micromanipulator systems [8, 9].
The proposed liquid crystal micromanipulator system is characterized by its simple structure and
small number of components in the system, mainly because it consists of a liquid crystal mate-
rial, a container to encapsulate liquid crystals and a heat source to control the temperature of the
liquid crystal. The nematic-isotropic phase interface emerges under the inhomogeneous tempera-
ture condition or during a phase transition process. When microscale objects are captured on the
nematic-isotropic phase interface, they are subjected to a force whose direction is perpendicular to
the phase interface and toward the isotropic phase region. The phase interfacial force arises from
the disturbance of the molecular orientation field in the nematic phase region, and the nematic
phase region acts to exclude the microscale objects to the isotropic phase region [12, 23]. That
is, it is possible to develop a micromanipulator system capable of controlling the position of mi-
croscale objects by utilizing the interfacial force generated at the phase interface in liquid crystals
as a driving source. Previously, authors have experimentally measured the nematic-isotropic phase
interfacial force of a 4-cyano-4’-pentylbiphenyl (acting on a polystyrene particle with diameter of

30um), and found that the phase interfacial force is about 1.4nN [12]. However, the phase interfa-
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cial force of the nematic and isotropic phases is not strong enough for the development of future
micromanipulator systems [12, 39].

The nematic liquid crystal focused in previous research studies exhibits the molecular configu-
ration that the rod-like (or disk-like) molecules have orientational order, but no positional order. On
the other hand, the molecular configuration of a smectic liquid crystal exhibits the layered structure
(i.e., a part of a positional order) in addition to the orientational order [10, 11, 40], and deviation of
the orientational order. Thus, the layered structure from the equilibrium state of the smectic liquid
crystals may cause a greater interfacial force than that for the nematic liquid crystals. If we can
obtain a stronger interfacial force compared to that of the nematic liquid crystals, the application
of a liquid crystal micromanipulator system can become wider. We proposed the use of the phase
interface of the 4-cyano-4’-dodecybiphenyl smectic liquid crystal, since the molecular orientation
is highly ordered compared to that of the nematic liquid crystals, and a stronger interfacial force is
expected.

In the first part of this work, we have chosen three distinctive thermotropic liquid crystal ma-
terials, as shown in Table 3.1, for the systematic investigation on various liquid crystal phase
interfacial forces. The nematic-isotropic phase interface appears at temperature of 7 = 35.2 °C in
5CB and T =40.5 °C in 8CB, the nematic-smectic phase interface at 7 = 33.5 °C in 8CB, and the
smectic-isotropic phase interface at 7 = 58.5 °C in 12CB. The stabled phase interfaces are created
by controlling the temperature distribution of the liquid crystal material, and the phase interfacial
forces are evaluated by tracking the microspherical objects which fall from the higher temperature
phase region to the lower temperature phase region across the interface between the phases. It is
noted that both liquid crystal phases are capable of infinite deformation, and the volume change
and heat transition associated with the phase change is relatively small. It is reported that the liquid
crystal interfacial forces depend on the size of spherical objects [12, 39]. The theoretical discus-
sion on the stress acting on the surface of the spherical objects will be presented for generalizing
our results. Finally, the capturing of spherical particles on the phase interfaces of the 6CB, 7CB,

9CB, and 11CB will be discussed in the second part of the phase interfacial work.
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Table 3.1: Summary of the thermotropic liquid crystal phases with a phase transition temperature

Thermotropic liquid crystals Phase transitions [°C]
4-cyano-4’-pentylbiphenyl (5CB) | Crystal 29, Nematic | 222 Isotropic

4-cyano-4’-octylbiphenyl (8CB) | Crystal 213, Smectic | 222 Nematic 40—'5>Isotropic

4-cyano-4’-dodecybiphenyl (12CB) | Crystal 89, Smectic 283, Isotropic

3.2 Experimental Methods

This section will describe the research process for the development of our micromanipulator
system. A brief description of system, the calibration of the system, and the position of the phase
interfaces of the thermotropic liquid crystals with temperature distribution will be discussed. It has
been demonstrated a good reliability and stability of our developed micromanipulator system with
minimal fluctuations of £0.01°C. In addition, the experimental procedures in measuring the phase

interfacial force utilizing spherical particles mixed in the liquid crystal will be discussed as well.
3.2.1 Development of the micromanipulator system

A schematic representation of the micromanipulator (liquid crystalline) system is shown in
Figure 3.1. The experimental micromanipulator system is designed through SolidWorks and man-
ufactured in the precision machining room utilizing a cutting modeling machine (MDX-5000R).
The micromanipulator system is made of an MDF material of low thermal conductivity of 0.05
W/m-K, which allows the system to maintain stable temperature conditions. Furthermore, for ac-
curate measurements of the phase interfacial force, a high-precision temperature control system
is required. Therefore, four high-conductive copper plates, with thermal conductivity of 385.0
W/m-K, are attached/sandwiched inside the system along with Peltier modules (VICS. Co. Ltd:
Peltier element unithermal UT-2020CE-M). The specifications of the Peltier modules used for this
micromanipulator are shown in Table 3.2. The entire system is sealed tightly to minimize temper-
ature fluctuations.

The overall representation of the experimental setup is illustrated in Figure 3.2. The Peltier

modules (4 Peltier modules attached on both ends of the copper plates), which are sandwiched
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Figure 3.1: Schematic representation of the liquid crystalline device. (a) Front view of the liquid
crystalline device, a cooling system is attached on the two rectangular spaces to cool down the
Peltier modules during experimentation. (b) The interior of the liquid crystalline device, where
the copper plates are separated by a 5 mm gap, and the Peltier modules are attached on the copper
plates. The copper plates are connected to a PID controller to control the temperature distribu-
tion. (c) Back side of the liquid crystalline device, the liquid crystal glass cell is placed on top of
the copper plates and thermocouples are used to measure the temperature applied from the PID
controller.

17



Table 3.2: Peltier module specifications

Category Specification
Maximum current 32A
Maximum voltage 6.2 V(DOC)
Maximum temperature difference 70.0 °C
Maximum heat absorption 13.0W
Weight 8.0g+ 10%
Size 22.0%x22.0x3.73+£0.10mm

inside the system, are connected to a PID controller (CELL System, Co. Ltd) with precision mea-
surement of +0.03 °C. Also, platinum thin-film RTD temperature sensor elements (Hayashi Kogyo
Co. Ltd: CRZ-1632) are placed on the surface of the copper plates. The resistance temperature
sensors are connected to a PID controller to give a signal to the PID and control the temperature of
the Peltier modules. The temperature input is generated through a TDC-2000/4000 Test Program
Software on PC. The experimental system has an observation port of 5xX5mm and a microscope
camera (IDS: UI-3360CP-C-HQ) equipped with an objective lens (Nikon Co. Ltd: M Plan-20X
magnification/0.35) and a transmitted monochromatic light source (Edmund Optics: MI-150 High-
Intensity Illuminator) are used to observe the behavior of the microscale particles along with the
position of the liquid crystal phase interfaces. Both the camera and monochromatic light source
are equipped with polarizing plates to reduce the diffraction from observations in the experiments.

To improve the thermal efficiency in our system, an exhaust cooling system is performed and
added to the micromanipulator system, as shown in the schematic with the cooling system in
Figure 3.2. An actual image of the cooling system attached to the manipulator is demonstrated
in Figure 3.3. A cooling system allows the removal of excess heat from the Peltier modules and
maintains the operating temperature more efficiently. A Peltier module is an element that transfers
heat on a cooling side to a heat dissipation side, and a large amount of heat is generated at the heat
dissipation side of the Peltier module. Thus, a heat sink on the heat dissipation side is required to
dissipate the heat from the Peltier module. A liquid cooling method is used since the liquid cooling

method transfers and dissipates heat more efficiently than the air-cooling method [41, 42]. Also,
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Figure 3.2: Schematic of the overall experimental setup. The system includes: a liquid crystalline
system attached with Peltier modules controlled by a PID controller. In addition, the liquid crys-
talline system is attached with a cooling flow system. The dynamics of the particle is captured by
a microscopic camera.

due to an endothermic reaction from the Peltier module, the water-cooling system allows to cool
down the system more efficiently.

To determine that the heat inside the Peltier modules is properly exhausted, a temperature
test is attempted. Figure 3.4 shows the temperature of the upper and lower Peltier modules with
respect to time. For the experimental testing, the target temperature is set to be 58.5 °C for both
T, and Ty, where Ty is the temperature of the lower part of the system and 7y is the temperature
of the upper part of the system. The temperature of both Peltier modules rises to 58.5 °C and

remained constant after 150 seconds. Therefore, it is confirmed that the heat in the Peltier modules
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Figure 3.3: Photograph of the experimental system.

is properly exhausted and reaches a constant temperature with £0.01 °C temperature fluctuations
inside the system. Therefore, it has been determined that the system provides very low fluctuations
in temperature distribution, so a stable phase interface of the liquid crystal material can be achieved.
For higher and distinct temperature conditions, we set 77 = 58.5 °C and Ty = 63.5 °C, and the
temperature of the system reaches to a stable temperature condition after 300 seconds, as shown in
Figure 3.5.

The position of the phase interface changes depending on the temperature distribution applied
in the liquid crystal cell. For the purpose of creating the coexistence state of the phase interface
between the liquid crystal and isotropic/liquid crystal phases, a liquid crystal cell is created and
inserted inside our micromanipulator system. Experiments were conducted under room tempera-

ture (25 °C). The experimental liquid crystal cell consists of two 26 x 76 x 0.7mm rectangular
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Figure 3.4: For calibration purposes, both the Peltier modules, 7y and 77, were set to be 58.5 °C.
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Figure 3.5: Temperature of the upper and lower Peltier modules at 7y = 63.5 °C and Ty, = 53.5 °C.
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glass plates bonded together with a 188um spacer. A homeotropic alignment film (JSR JALS-
2021-R25: AL60101) is treated on the facing surfaces of the glass plates by utilizing a spin coater
(Mikasa Co. Ltd: 1H-DX?2) at 3500 RPM. The alignment film on the surface of the glass plates
forces the director field of the liquid crystal molecules to be perpendicular throughout the entire
cell. The homeotropic alignment thin-film coated glass plates are baked for 45 minutes utilizing
an electric drying oven (Advantec Co. Ltd: Electric Drying Oven DRN320DA). The liquid crystal
cell is sandwiched with the copper plates, and the paired Peltier modules are attached at the upper
and lower part of the copper plates. In addition, heat conduction gel sheets (Mac-Eight Co. Ltd:
GC-A) are placed between the copper plates and the liquid crystal cell in order to improve the
heat transfer performance. The temperature distribution of the cell is achieved by controlling the
Peltier modules through the PID controller. By adjusting the temperature of the upper and lower
ends of the liquid crystal cell, 7y and 77, a stable horizontal phase interface emerges at the desired
position.

We encapsulated a SCB, 8CB, and 12CB liquid crystal inside the liquid crystal cell to create
a phase interface. The experimental procedures to create the phase interface are as follows. At
first, the liquid crystal cell is horizontally placed to have a homogeneous temperature gradient
throughout the liquid crystal cell. Both the 7y and 77, are once set to a temperature for which the
higher temperature phase is stable, and then 77 is decreased below the phase transition temperature
of the liquid crystal, respectively. By setting the average of the Ty and 77 to be roughly equal
to the phase transition temperature, the phase interface appears at the center of the liquid crystal
cell. For example, the nematic liquid crystal inside the liquid crystal cell is heated to a temperature
higher than the 7.1 (SCB: nematic-isotropic phase transition temperature at 7n.1 = 35.2 °C) so that
an isotropic liquid state appears in the liquid crystal cell. The attitude of the liquid crystal cell is
then positioned vertically. Then by making the temperature of the lower part of the cell lower than
the Tn.1, a nematic phase is created in the lower part of the liquid crystal cell. The phase interface
appears between the boundary of the nematic phase and isotropic phase, the nematic phase and

smectic phase, or the smectic phase and isotropic phase, as shown in Figure 3.6, respectively.
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Figure 3.6: Microscopic images of the phase interface between the nematic to isotropic phases
(5CB), nematic to smectic phases (8CB) and smectic to isotropic phases (12CB). Note that the
8CB liquid crystal possesses a nematic to isotropic phases as well.
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Figure 3.7: The position of the nematic-isotropic phase interface of a SCB liquid crystal with tem-
perature change. The upper temperature was set fixed to be Ty = 39.5 °C and the lower temperature

decreases at a rate of 0.05 °C.
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Figure 3.8: Position of the nematic-isotropic phase interface with respect to temperature change
in 5CB.

To understand the position of the phase interface of the liquid crystals (defined as h) to tem-
perature change (AT), the temperature of the upper part of the liquid crystal cell (Ty) is set to be
fixed and the temperature of the lower part of the liquid crystal cell (7) is decremented at 0.05 °C.
Figure 3.7 shows the position of the nematic-isotropic phase interface with respect to the temper-
ature of the lower end of the liquid crystal cell of a 5CB liquid crystal material. By changing the
temperature of the lower end of the liquid crystal cell in SCB (starting at 77, = 30.8 °C), it is ob-
served that the nematic-isotropic phase interface is shifted up at an average rate of approximately
27.3+1.5um for every 0.05 °C. Figure 3.8 shows a graphical representation of the position of the
phase interface h with respect to temperature difference (AT, where Ty = 39.5 °C) of the SCB
liquid crystal. Therefore, it can be observed that the nematic-isotropic phase interface can have
fluctuations in the position of the phase interface of 5.4+0.3um for every 0.01 °C.

In the same manner, the position of the phase interface with respect to temperature difference

for 8CB liquid crystal (nematic-isotropic phase interface and nematic-smectic phase interface)
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Figure 3.9: Position of the nematic-isotropic phase interface with respect to temperature change
in 8CB.

and 12CB liquid crystal (smectic-isotropic phase interface) is conducted. The experiments were
conducted similar to the SCB liquid crystal, 7y remained fixed, and 77, is decremented at a rate of
0.05 °C. Figure 3.9 shows the change of position with temperature change for a nematic-isotropic
phase interface in 8CB liquid crystal (7yy = 46.0 °C and the starting at 7, = 35.2 °C) and it has been
estimated that the nematic-phase interface changes approximately 234+5.5um for every 0.05 °C.
Figure 3.10 shows the position of the nematic-smectic phase interface of 8CB liquid crystal with
temperature change (Ty = 37.5 °C and starting at 77 = 28.2 °C) and it has been estimated that the
nematic-smectic phase interface changes at a rate of 334+6.5um for every 0.05 °C.

The 12CB smectic liquid crystal requires high temperatures to create a coexistence state of
the smectic and isotropic phases. Therefore, Ty is set to be fixed at 63.0 °C and Tz, which starts
at 53.7 °C, decrements 0.05 °C. Figure 3.11 shows the position of the smectic-isotropic phase
interface with respect to temperature change, and it has been estimated that the position of the

smectic-isotropic phase interface changes at approximately 16.94+4.7um for every 0.05 °C.
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Figure 3.10: Position of the nematic-smectic phase interface with respect to temperature change
in 8CB.
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Figure 3.11: Position of the smectic-isotropic phase interface with respect to temperature change
in 12CB.
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3.2.2 Overview of the experimental system

The micromanipulator system shows that a phase interface between the liquid crystal and
isotropic phases can be created, and the fluctuation in temperature distribution is minimal. There-

fore, the main factors of this micromanipulator system are considered as follows.

1. The sensitivity of the control system. A slight change in the temperature distribution changes
the position of the phase interface. The system must stay steady (positioned horizontally or

vertically) to reach a homogeneous temperature condition.

2. The system must be sealed tightly to keep the temperature stable. The thermocouples (tem-
perature sensors) are pasted with thermal grease for better thermal conductivity and precise
measurements. Experiments have demonstrated a £0.01 °C temperature fluctuations within

our system.

3. A thermally conductive sheet should be attached to the liquid crystal glass cell for higher

thermal conductivity with the copper plates.

3.2.3 Method of tracking spherical particles and phase interface in liquid crystals

The experimental procedures of measuring the interfacial force in liquid crystals will be dis-
cussed. Similar to the first part of the experimental methods, we encapsulated a SCB, 8CB, and
12CB liquid crystals since the selected liquid crystals provide the phases of nematic-isotropic,
nematic-smectic, and smectic-isotropic. By utilizing our developed experimental system, the lig-
uid crystal cell is sandwiched between copper plates and heat conductive sheets, as shown in Fig-
ure 3.12. We used several kinds of different spherical particles with different weight depending on
the strength of the interfacial force, so we have chosen micropearl polystyrene (diameter ~100um,
density 1.19 g/cm?), glass bead (diameter ~100um, density 2.5 g/cm?), and tungsten carbide (di-
ameter ~100um, density 15.63 g/cm?) for this study. The typical densities and viscosities for each

phase of the liquid crystal materials are shown in Table 3.3.
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Figure 3.12: Device schematic diagram for the manipulation of particles inside a liquid crystal
cell.
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Table 3.3: Summary of the densities and viscosities of the thermotropic liquid crystalline materials

Material Phases Density [kg/m3] Viscosity [Pa-s]
5CB Nematic-Isotropic 1008 0.023
3CB Nematic-Isotropic 978 0.024

Nematic-Smectic 989 0.10
12CB | Smectic-Isotropic 1000 0.02

The experimental procedures are as follows. At first, the liquid crystal cell is horizontally
placed to keep the position of the spherical particles mixed in the liquid crystalline materials stable.
Both of the Ty and T}, are once set to the temperature for which the higher temperature phase is
stable, and then 77, is decreased below the phase transition temperature. By setting the average of
the Ty and 77, to be roughly equal to the phase transition temperature, the phase interface appears
at the center of the liquid crystal cell. Then, the attitude of the liquid crystal cell changes vertically,
and spherical particles start to fall by gravity. The motions of the spherical particles are recorded
with a video camera attached on a polarized light microscopic lens and an image analysis software
(imageJ [43]) allows us to obtain the position, velocity and acceleration of the spherical particles

and the phase interface.

29



3.3 Experimental Results

This section will discuss the experimentation observations of the thermotropic liquid crystals
(5CB, 8CB and 12CB) and spherical particles (polystyrene, glass bead and tungsten carbide). The

interfacial force between these thermotropic liquid crystals will be presented.
3.3.1 Nematic-isotropic phase interface and polystyrene particle in SCB liquid crystal

Figure 3.13 shows the experimental results of the 4-cyano-4’-pentylbiphenyl liquid crystal
(5CB) and the polystyrene particle under a polarized light microscope. In order to keep the posi-
tion of the nematic-isotropic phase interface stable, the temperature on both the upper and lower
Peltier modules remain unchanged. We set the upper Peltier module to be Ty = 39.5°C and the
lower Peltier module to be 7;, = 30.6°C. The dark and bright areas in the images correspond to the
isotropic and the nematic phase regions, and the horizontal boundary between the areas is the phase
interface. The time when the polystyrene particle contacts the phase interface is defined at ¢ = Os.
Before the polystyrene particle contacts the phase interface at (a) r = -9.5s, the polystyrene particle
settles in the isotropic phase region at a constant rate due to gravity. After the polystyrene particle
contacts the phase interface, as shown in (b), it can be observed that the position of the polystyrene
particle is kept constant above the phase interface. It is confirmed that the nematic-isotropic phase
interface is deformed along the shape of the polystyrene particle, as shown in (c), but it is retained
into the isotropic phase region above the phase interface.

The trajectories of the center of gravity of the polystyrene spherical particle and the phase in-
terface is shown Figure 3.14. The positional origin (2 = Omm) is defined as the position of the
center of gravity at + = Os. The polystyrene spherical particle falls in the isotropic phase region
with a terminal velocity. Then, the polystyrene spherical particle decelerates subjected to the phase
interfacial force of the nematic liquid crystal and finally stops moving. The downward displace-
ment of the phase interface occurs at the same time due to the reaction of the phase interfacial
force. Although the profile of the phase interface in the liquid crystal cell gap is not as flat, the

focusing position of the microscope is set at the center of the liquid crystal gap and the profile
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Figure 3.13: A sequence of microscopic images of the nematic-isotropic phase interface (Ty =

39.5°C, Ty, = 30.6°C) in 5CB liquid crystal.
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Figure 3.14: Displacement of the nematic-isotropic phase interface and the polystyrene particle in

5CB liquid crystal.
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Figure 3.15: A sequence of microscopic images of the nematic-isotropic phase interface and glass
bead spherical particle in SCB liquid crystal.

is not taken into account for the definition of the origin of the time and position. In addition, it
can be observed from the image analysis data of the spherical particle and phase interface that the
deformation of the nematic-isotropic phase interface, which is defined as the maximum deviation

of the phase interface, is about 36.7um atz = 11.8s.
3.3.2 Nematic-isotropic phase interface and glass bead particle in SCB liquid crystal

Figure 3.15 shows the time series of a glass bead spherical particle falling in the nematic liquid
crystal (SCB) under a polarized light microscope. The sequential microscopic images show (a) the
position of the glass bead spherical particle approaching to the N-I phase interface, (b) the instant
contact at the phase interface and (c) after contact with the phase interface. The time ¢ = Os is when
the glass bead spherical particle makes contact with the phase interface. As the particle reaches
the nematic-isotropic phase interface, the phase interface is slightly deformed, and the glass bead
spherical particle breaks through the interface to settle into the nematic phase region. Therefore, a
particle that is denser than the liquid crystal itself is unable to be captured by the phase interface
of a nematic liquid crystal. Figure 3.16 shows the trajectories of the glass bead spherical particle
and the nematic-isotropic phase interface.

From the molecular orientation field of molecules in the isotropic phase in the nematic liquid
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Figure 3.16: Displacement of the nematic-isotropic phase interface and the glass bead particle in
5CB liquid crystal.

crystals, the orientation and center of gravity of the liquid crystal molecules are not well ordered,
so the molecules are not restricted in molecular direction. The molecular orientation field in the
isotropic phase region is not disturbed by the particle due to the lack of orientation. On the other
hand, in the nematic liquid crystal phase, the molecular orientation field is disturbed by the particle
due to the certain order in orientation, and the distortion energy generated by the particle in the
nematic bulk phase is minimized. A force from the interfacial tension is generated, and the particle
is pushed up by the nematic liquid crystal phase into the isotropic phase to achieve a stable state
condition, as shown with the polystyrene particle. However, the molecular orientation field is not
strong enough to be able to hold the glass bead particle in the phase interface, so the particle freely
passes through the phase interface. A schematic representation of the disturbance in the molecular

field caused by the particle is shown in Figure 3.17.
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Figure 3.17: Schematic of the nematic and isotropic phases when the particle makes contact with
the phase interface. Note that the size of the liquid crystal molecules is about 10® smaller compared
to the size of the particle itself.
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3.3.3 Nematic-isotropic phase interface and polystyrene particle in 8CB liquid crystal

The 4-cyano-4’-octylbiphenyl liquid crystal (8CB) provides phases of smectic to nematic and
nematic to isotropic. Figure 3.18 shows the time series of the polarized light microscopic images
of a polystyrene particle falling from the isotropic phase into the nematic bulk phase region with
temperature difference of Ty = 46.0°C and 7; = 35.0°C. The boundary between the isotropic
and nematic phases is represented as the nematic-isotropic phase interface. The polarized light
microscopic images show (a) the polystyrene particle approaching to the nematic phase region, (b)
polystyrene particle making direct contact with the phase interface, and (c) the polystyrene particle
remains captured by the phase interface. The disturbance of the molecular orientation field, which
is represented similar to the SCB, allows to create an interfacial force and the polystyrene particle
is excluded from the nematic phase region.

The trajectories of the polystyrene particle and the phase interface is represented in Figure 3.19.
The behaviors of the polystyrene spherical particle and the phase interface are similar to those for
the nematic-isotropic phase interface of SCB, while the terminal velocity is lower in comparison
with that for the SCB due to a lower viscosity in 8CB. Therefore, due to a weak phase interfacial
force in the nematic-isotropic phase interface, the polystyrene particle remains settled in the phase
interface after > Os with the phase interface having a deformation along the outer shape of the

particle.
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Figure 3.18: A sequence of microscopic images of the nematic-isotropic phase interface (Ty =
46.0°C, Tp, = 35.0°C) of 8CB liquid crystal.
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Figure 3.19: Displacement of the nematic-isotropic phase interface and the polystyrene particle of
8CB liquid crystal.
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3.3.4 Nematic-isotropic phase interface and glass bead particle in 8CB liquid crystal

Figure 3.20 shows the time series of the experimental results of the 8CB liquid crystal mate-
rial and the glass bead spherical particle. Similar to the temperature conditions from the falling
polystyrene particle in 8CB, the temperatures were set Ty = 46.0 °C and 7Tz, = 35.0 °C. The phase
interface remains fixed with temperature fluctuation of £0.01 °C, so the position of the phase
interface remaines constant. The polarized light microscopic images show (a) the glass bead par-
ticle falling in the isotropic phase region, (b) the particle contacting the nematic-isotropic phase
interface, and (c) the particle breaks through the phase interface due to gravity and settles in the
nematic phase region. It is observed from the microscopic images that the glass bead spherical
particle reaches to a terminal velocity in the isotropic phase region, then insignificant decelerates
when approaching to the deformed nematic-isotropic phase interface, and freely passes through
the nematic-isotropic phase interface. The nematic-isotropic phase interface is not strong enough
to sustain the glass bead particle.

Figure 3.21 shows the trajectories of the nematic-isotropic phase interface and the position
of the center of gravity of the glass bead spherical particle obtained from image analysis. The
glass bead spherical particle slightly decelerates due to the phase interfacial force from the phase
interface, and due to low interfacial force, the particle breaks through the interface. It can be
also observed that the position of the phase interfaces changes according to the contact shape of
the particle. The glass bead particle passes entirely through the phase interface after t = 1s at a
constant rate. Later, the position of the phase interface is restored after the particle is in the nematic

phase.
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Figure 3.20: A sequence of microscopic images of the nematic-isotropic phase interface (Ty =
46.0° C, T, = 35.0°C) of 8CB liquid crystal.
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Figure 3.21: Displacement of the nematic-isotropic phase interface and the glass bead spherical
particle of 8CB liquid crystal.
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3.3.5 Nematic-smectic phase interface and polystyrene particle in 8CB liquid crystal

Figure 3.22 shows the time series of the polarized light microscopic images of a polystyrene
spherical particle and the nematic-smectic phase interface of an 8CB liquid crystal. The nematic-
smectic phase interface of the 8CB liquid crystal is achieved for 7y = 37.5 °C and 7T = 28.0 °C.
Although the difference in the brightness for the nematic and smectic phase regions are slight, the
nematic phase region is identified as the darker region and the nematic-smectic phase interface
is at the boundary between the darker nematic and brighter smectic phase regions. Specifically,
since the molecules from the molecular orientation structure in 8CB are aligned in both the ne-
matic and smectic phases, the phase interface between the nematic and smectic phases is almost
indistinguishable. Therefore, a crossed polarized lens is utilized to distinguish both liquid crystal
phases. When the polystyrene spherical particle falls in the nematic phase region, as shown in (a),
the distortion in the molecular orientation in the molecular orientation field is confirmed at the sur-
rounded area of the spherical particle. As the spherical particle approaches to the phase interface,
the orientationally distorted area shrinks and the spherical particle directly contacts the phase inter-
face at t < 0s. Furthermore, since both the nematic and smectic phases are simultaneously pushing
the particle up, the smectic bulk phase region is unable to attain the particle at the nematic-smectic
phase interface. As a result, the polystyrene particle invades the nematic-smectic phase interface,
and breaks through the phase interface due to a weak nematic-smectic phase interfacial force.

Figure 3.23 shows the trajectories of the nematic-smectic phase interface and the polystyrene
particle. The spherical particle decelerates due to the interfacial force until it completely falls into
the smectic phase region at r > 81.9s. Then, the polystyrene particle accelerates to the terminal
velocity in the smectic phase region. When the polystyrene particle passes through the nematic-

smectic phase interface, a temporal displacement of the phase interface is observed.
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Figure 3.22: Microscopic images of the smectic-nematic phase interface (Ty = 37.5°C, T =
28.0°C) of 8CB liquid crystal.
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Figure 3.23: Displacement of the nematic-smectic phase interface and the polystyrene spherical
particle of 8CB liquid crystal.
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3.3.6 Nematic-smectic phase interface and glass bead particle in 8CB liquid crystal

Figure 3.24 shows the time series of the nematic-smectic phase interface and a falling glass
bead spherical particle with temperature conditions of 7y =37.5 °C and 7, = 28.0 °C of the 8CB
liquid crystal. The difference between the nematic phase region and smectic phase region is slightly
distinguishable, the nematic phase is identified as the bright region, and the smectic phase is iden-
tified as darker phase region. The nematic-smectic phase interface is at the boundary between the
bright nematic phase and darker smectic phase region. Note that the analyzer is positioned hori-
zontally and the polarizer is positioned approximately 60° counterclockwise. As shown in (a), the
glass bead falls in the nematic phase and it is observed from the surrounded area of the particle
that the molecular orientation field of the nematic phase region is disturbed. The nematic phase
tries to drag the spherical particle after contacting the nematic-smectic phase interface at ¢ > 0s.
The particle decelerates while trying to break through the phase interface. Although the nematic-
smectic phase interface was able to slowly sustain the particle, the particle settles in the smectic
phase after r > 9.8s. It is observed that the glass bead particle is able to break through the phase
interface faster than the polystyrene particle due to higher density.

Figure 3.25 shows the trajectories of the nematic-smectic phase interface and the center of
gravity of the glass bead particle. It is observed that the particle accelerates to a terminal velocity
once the particle passes entirely to the smectic phase region. The deformed phase interface is

restored to a stable nematic-smectic phase interface after + > 15s.
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Figure 3.24: Microscopic images of the smectic-nematic phase interface (7y = 37.5°C, Ty =
28.0°C) of 8CB liquid crystal.
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Figure 3.25: Displacement of the nematic-smectic phase interface and the glass bead spherical
particle of 8CB liquid crystal.
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3.3.7 Smectic-isotropic phase interface and tungsten carbide particle in 12CB liquid crystal

Smectic liquid crystals have been studied due to their high-layered molecular orientational
structure properties. Since the smectic liquid crystal molecules have a preferred direction normal
to the smectic layers, the distortion energy generated from the disorder of the layered structure in
addition to the alignment field of the smectic liquid crystal molecules is eliminated. Therefore,
a larger smectic-isotropic phase interfacial force is expected than that for the nematic-isotropic
phase interface. The temperature conditions to create the phase interface between the smectic and
isotropic phases are Ty = 63.0 °C and 7p = 53.5 °C. A tungsten carbide particle, with density of
15.93 g/cm?, is used in our experiments to estimate the phase interfacial force of a 12CB liquid
crystal. Figure 3.26 shows the time series of the smectic-isotropic phase interface and a falling
tungsten carbide particle, and it demonstrates that the capture of the tungsten carbide spherical
particle by the smectic-isotropic phase interface is successfully achieved. Because of the high
density of the tungsten carbide spherical particle, the particle rapidly approaches to the phase
interface. Even for the high density and high terminal velocity of the particle, the smectic-isotropic
phase interfacial force possesses enough strength to decelerate and hold the particle on the phase
interface. Since the smectic-isotropic phase interface is the only interface which can stop and
capture the tungsten carbide particle, it is obvious that the smectic-isotropic phase interfacial force
is greater than the other liquid crystalline phase interfaces.

The time-dependency changes of the tungsten carbide particle and the displacement of the
smectic and isotropic phase interface obtained from the light microscopic image analysis is shown
in Figure 3.27. The particle is immediately stopped by the phase interface after + > Os with a
deformation of the smectic-isotropic phase interface of approximately 80um at # = 1.2s. From the
molecular orientation field in the isotropic phase region of the 12CB liquid crystal, the orientation
and center of gravity of the liquid crystal molecules are not well ordered, so the molecules are not
restricted in molecular direction. Moreover, the molecular orientation in the isotropic phase region
is not disturbed by the particle due to the lack of orientation structure. Because of a well-defined

layered structure, the disturbance of the smectic phase region is small, and the particle is attained in
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Figure 3.26: Microscopic images of the smectic-isotropic phase interface (7Ty = 63.0°C, Ty =
53.5°C) of 12CB liquid crystal.
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Figure 3.28: Schematic of the smectic and isotropic phases when the particle makes contact with
the phase interface. The smectic liquid crystal has higher alignment order of molecules compared
to that for the nematic liquid crystal

the isotropic region, detailed shown in Figure 3.28. Therefore, a force from the interfacial tension is
generated, and the particle is pushed up by the smectic liquid crystal phase into the isotropic phase
to achieve a stable state condition. In reality, while the particle size is approximately 100um,
the length of the liquid crystal molecules is about 10° times smaller compared to the size of the

particle.
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3.4 Numerical Calculations
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Figure 3.29: Schematic of the particle with acting forces on the particle and the phase interface.

To support the analysis of the interfacial force from the experimental results, the force acting
on the particle and the phase interface is considered, as shown in Figure 3.29. The interfacial force
between the liquid crystal and isotropic phases is estimated through the evaluation of forces acting
on the particle based on experimental results. The forces acting on the particle are the gravitational
acceleration force Fy, the buoyancy force Fj, the drag force Fy, and the phase interfacial force F;,

respectively. Therefore, the equation of motion is expressed as

d
m%:E—Fg+Fb—Fd. G.1)

Here, m is the mass of the particle, and v, is the velocity due to gravity of the particle. The fluid
resistance force is applied based on the Stoke’s resistance law acting on the particle falling from
the isotropic viscous fluid to the liquid crystal phase. It is noted that the velocity of the captured
particle is constant at the phase interface. Since the Reynold’s number is relatively small for both
nematic and smectic, the Stoke’s drag force is applicable. Therefore, the equation to determine the

phase interfacial force of liquid crystals is written as follows,
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Here, p, is the density of the particle, p is the density of the liquid crystal material, d is the
diameter of the particle, g is the gravitational acceleration of the particle, and u is the viscosity of
the liquid crystal material.

From the phase interfacial force equation, the acceleration, dv, /dt, and velocity, v p» Of the par-
ticle are numerically obtained and derived by the finite difference technique and Savitzky-Golay
from the numerical data of the particle. The Savitzky-Golay [44] is defined as a filter to opti-
mize and smooth a set of data points to a local least-squared polynomial approximation without

distortion in the signal tendency. The Savitzky-Golay filter is expressed as

~
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where £ is the set of number of data points, and a; is the convolution coefficients. Figure 3.30 shows
the trajectories of the particle and nematic-isotropic phase interface using the Savitzky-Golay filter
technique. The red line depicts the original position of a falling polystyrene particle, and the blue
line depicts the Savitzky-Golay filter technique imposed to the trajectories of the falling particle.
It is obvious that the line is smoothed without affecting the extracted signals. Due to smoothing of
the trajectories of the falling particle, the results for the acceleration a of the particle is enhanced,
as shown in Figure 3.31. The red line shows the distorted acceleration from the results utilizing the
finite difference technique and the black line shows the imposed Savitzky-Golay filter. It is found
that the highest acceleration of the particle can easily be determined through the use of the filter.
For the case of SCB liquid crystal, the following material properties were used: p = 1008 kg/m?
and u = 0.023 Pa-s [45, 46]. The polystyrene particle falling in the isotropic phase region falls
with a maximum acceleration of 1.6um/s>. The phase interfacial force for the nematic-isotropic
phase interface is able to stop the particle from breaking through the phase interface. However,
the maximum interfacial force cannot be determined for the case of the polystyrene particle in

5CB since the interfacial force becomes the maximum when the position of the phase interface
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Figure 3.30: Trajectories of the nematic-isotropic phase interface and polystyrene particle with
and without the use of the Savitzky-Golay technique.
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Figure 3.31: Results of the acceleration of the falling particle using the finite difference technique
(red) and Savitzky-Golay technique (black).
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coincides with the center of the spherical particle. For the case of the glass bead particle, the
particle reaches to a maximum acceleration of 23.3um/s?, and starts to decelerate while breaking
through the nematic-isotropic phase interface. Since the glass bead particle was able to break
through the phase interface, it is calculated that the maximum average interfacial force for the
nematic-isotropic phase interface is approximately 5.54-0.8nN.

For the 8CB liquid crystal, the following material properties were used: p = 978 kg/m?> for the
nematic-isotropic [47] and p = 989 kg/m> for the nematic-smectic [19], and p = 0.024 Pa-s for
the nematic-isotropic [46] and p = 0.111 Pa-s for the nematic-smectic [48]. We can observe that
the polystyrene particle falls from the isotropic phase region to the nematic phase region with a
maximum acceleration of 1.69um/s>. Similar to the SCB liquid crystal, the 8CB liquid crystal is
able to hold the particle on the nematic-isotropic phase interface. Since the maximum interfacial
force can only be determined when the center of the particle and the phase interface coincides,
the maximum interfacial force cannot be determined with the polystyrene particle. Therefore, a
glass bead particle is used in order to determine the maximum interfacial force. It is observed that
the glass bead particle reaches to a maximum acceleration of 17.2um/s? and it starts to decelerate
while passing through the nematic-isotropic phase interface. It is calculated that the maximum
interfacial force for the 8CB nematic-isotropic phase interface is approximately 5.940.7nN.

For the nematic and smectic phases in the 8CB liquid crystal, both the nematic and smectic
phases are pushing the particle simultaneously, and the particle invades the high-layered molecular
structure of the smectic liquid crystal with a maximum acceleration of 0.11m/s?. The polystyrene
particle is dragged by the nematic phase region, but the phase interfacial force is not strong enough
to hold the particle. As a result, the polystyrene particle invades the nematic-smectic phase in-
terface and passes through the nematic-smectic phase interface with a maximum interfacial force
of 1.04+0.1nN. For comparison purposes, we used a spherical glass bead to determine the max-
imum interfacial force of the nematic-smectic phase interface in 8CB liquid crystal. Similar to
the polystyrene particle, the particle travels through the nematic phase region and reaches to a

maximum acceleration at 1.93um/s?> while breaking through the smectic phase region at t = 2.7s.
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Therefore, the distortion in the molecular orientation field is confirmed at the surrounded area of
the spherical particle while it shrinks when approaching to the phase interface. The glass bead
particle breaks slowly through the nematic-smectic phase interface and it is determined that the
maximum phase interfacial force is approximately 1.34-0.1nN.

Now we focus on the interaction between a tungsten carbide particle and the phase interface
of a 12CB liquid crystal with material properties of p = 1000 kg/m> and u = 0.01752 P-s [49].
The density of the tungsten carbide particle is approximately 15 times more than the density of
the 12CB liquid crystal, and the particle is able to reach stationary state after contact with the
phase interface with a maximum acceleration of 13660.6-£388.2um/s>. Since the smectic-isotropic
phase interface is the only interface in which can stop and capture the tungsten carbide spherical
particle, it is obvious that the smectic-isotropic phase interfacial force is greater than the other
liquid crystalline phase interfaces. From the developed program, it is determined that the smectic-
isotropic phase interfacial force for the 12CB liquid crystal is approximately 76.1+£1.1nN, which is
about 13 times stronger than the recently calculated SCB liquid crystal maximum phase interfacial
force (utilizing the glass bead particle). However, the smectic-isotropic phase interfacial force is
not the maximum interfacial force since the tungsten carbide particle could not break through the
phase interface.

A detailed summary of the interfacial force of the SCB, 8CB and 12CB is demonstrated in
Table 3.4. Based on the current experimental results, the interfacial force of the 12CB liquid crystal
is the strongest of all the liquid crystalline materials tested. Therefore, the potential development
of better micromanipulator systems can be utilized for a better and stronger driving source by

utilizing the phase interface of a 12CB liquid crystal.
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Table 3.4: Experimental values of the interfacial force of different liquid crystal materials

Liquid Crystal Material Phases Particle Force [nN]
5CB Nematic-Isotropic Glass Bead 5.54+0.8
3CB Nematic-Isotropic Glass Bead 5.9+0.7

Nematic-Smectic Glass Bead 1.3£0.1
12CB Smectic-Isotropic | Tungsten Carbide | > 76.1 £ 1.1

3.5 Theoretical Models

The energy densities due to the disturbance of the molecular alignment fields, which are repre-
sented by the director n and/or layer normal to V@, for the isotropic, nematic, and smectic-A phase

regions are described as [21]
Isotropic phase: f; = fo (3.4)

1
Nematic phase: fy = fo+ 5 <K1 (V- n)2 +K>(n-V x n)2 +K3ln x V x n|2> (3.5)

1
Smectic-A phase: fs = fo+ 3 (Kl(V n)?+Kx(n-Vxn)>+K;3n x V x n]2>
1
+5(n=Ve)'B(n—Vg)

where fy is the energy associated with the equilibrium condition of the liquid crystal material, and

(3.6)

B =B I+ (B —B_)nn. The scalar function ¢ is parametrized by iso-surfaces of the smectic
layers. From these equations, the energy caused by the disturbance of the spherical particle in the
liquid crystal phases has the relationship of fs > fy > f7, leading to the relationship of Ps > Py >
P, where Ps, Py, and Py are the stresses at the surface of the particle exerted by the smectic-A,
nematic, and isotropic phases, respectively.

Figure 3.32 shows the schematic of the particle at the nematic-isotropic phase interface. The
origin O of the coordinate x is positioned at the center of the particle and x; is defined as the position
of the nematic-isotropic phase interface. The direction of the stress is normal to the surface of the

particle, and the total force acting on the particle is the sum of the forces exerted by the isotropic
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Figure 3.32: Schematic of the particle and interface with stresses acting on the surface of the
particle by the nematic and isotropic phases, respectively.

and nematic phases, which are derived by integrating the stress over the surface immersed in each

phase as follows,

R Xi
Foul 4y = / 21/RE 2 Pd + / R27r\/R2—x2;—eP1dx. 3.7)

Xi

Since the stress in the | x |<| x; | region is eliminated and has no contribution on the total force, the

above equation is simplified as
F = 2R P,) x\/RZ —x2dx = —P)\/(R2—x3)3. (3.8)

In the same manner, the total forces acting on the particle at the nematic-smectic-A and the
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Figure 3.33: The effect of the position of the interface based on the force acting on the particle.

isotropic-smectic-A phase interfaces are derived as

21
Ft = ﬁ(PS —Pv)y/ (R2—x7)3,

2
FSt;)tal — 3_R

(3.9)
(Ps—Pp)\/(R?2—x?)3.

Figure 3.33 shows the effect of the position of the interface on the force acting on the particle
obtained from Equation 3.8. The interfacial force becomes the maximum when the position of the
interface coincides with the center of the spherical particle with a maximum value of 5.2x 10~?m?

at x; = 0. The maximum forces for the phase interfaces are then simplified as follows,

2n

Fyhax — ?(PN —P)R?,
27

Fihax — ?(PS — Py)R?, (3.10)
27

B == (Ps— PR

Therefore, only the spherical particles breaking through the phase interface of the liquid crystals
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can be utilized to determine the maximum interfacial force. As explained before, the interfacial
force becomes the maximum when the position of the phase interface coincides with the center of
the spherical particle. The glass bead particles are the only particles in our experiments that can

determine the maximum interfacial force for 5CB and 8CB liquid crystals.
3.6 Normal stresses

By utilizing the phase interfacial force results from Table 3.4 with the Equations (3.10), the
normal stresses are evaluated as shown in Table 3.5. Based on the results of the normal stress, the
maximum force of the interfacial force is suitable regardless of shape and size of the particle. Note
that for the case of Ps for the 12CB liquid crystal, the particle could not pass through the smectic-
isotropic phase interface, since the particle is captured by the interface before the interfacial force

reaches its maximum value.

Table 3.5: Normal stress values of different liquid crystal materials

Material Phase Normal Stress [N/m?]
5CB Nematic 1.06 £+ 0.15
Nematic 1.13 £ 0.13
8CB Smectic-A 1.37 £ 0.15
12CB Smectic-A >14.5

3.7 The phase interfaces of a 6CB, 7CB, 9CB and 11CB, and a falling spherical particle

To expand the phase interfacial forces of other liquid crystal materials, four distinctive ther-
motropic liquid crystals materials have been chosen (4-cyano-4’-hexylbiphenyl (6CB), 4-cyano-4’-
heptylbiphenyl (7CB), 4-cyano-4’-nonylbiphenyl (9CB), and 4-cyano-4’-undecylbiphenyl (11CB)),
as shown in Table 3.6, respectively. The nematic-isotropic phase interface appears at temperature
of T =30.1°Cin6CB, T =42.8 °Cin 7CB, and T =49.5 °C in 9CB, the smectic-isotropic phase
interface at 7 = 57.5 °C in 11CB. The stable phase interfaces are created by controlling the tem-

perature distribution of the liquid crystal materials. For this case, a polystyrene particle of diameter
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100um and a tungsten carbide particle of diameter 100um are chosen for this study.

Table 3.6: Summary of the thermotropic liquid crystal phases with a phase transition temperature

[1]

Thermotropic liquid crystals Phase transitions [°C]
4-cyano-4’-hexylbiphenyl (6CB) | Crystal 143, Nematic | 224 Isotropic
4-cyano-4’- heptylbiphenyl (7CB) | Crystal 09, Nematic | 225 Isotropic
4-cyano-4’-nonylbiphenyl (9CB) | Crystal 29, Smectic | 2% Nematic | 22 Isotropic
4-cyano-4’-undecylbiphenyl (11CB) | Crystal 39, Smectic EIEN Isotropic

3.7.1 Nematic-isotropic phase interface and polystyrene particle in 6CB liquid crystal

Figure 3.34 shows the time series of the polarized light microscopic images of a polystyrene
particle and the nematic-isotropic phase interface of a 6CB liquid crystal, for temperatures of
Ty =42.0°C and Tp, = 16.0 °C. The polystyrene particle falls in the isotropic phase region with a
terminal velocity towards the phase interface for # < Os until it contacts the phase interface. After
the polystyrene particle contacts the nematic-isotropic phase interface, the particle is captured by
the phase interface and remain settled for # > Os. It is observed that the nematic-isotropic phase
interfacial force for the 6CB is strong enough to hold the particle from passing through the phase
interface. The trajectories of the center of gravity of the polystyrene particle and the phase interface
of 6CB is shown in Figure 3.35. The horizontal axis 4 is the displacement of the particle and the
phase interface, and its origin is defined as the position of the center of gravity at # = Os. Similar
to the 5CB liquid crystal, the downward displacement of the phase interface occurs apparently at

the same time due to the skew of the interface.
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Figure 3.34: A sequence of microscopic images of the nematic-isotropic phase interface (Ty =
42.0°C, Ty, = 16.0°C) of 6CB liquid crystal.
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Figure 3.35: Displacement of the nematic-isotropic phase interface and the polystyrene particle of
6CB liquid crystal.
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3.7.2 Nematic-isotropic phase interface and polystyrene particle in 7CB liquid crystal

Figure 3.36 shows the time series of the polarized light microscopic images of a polystyrene
particle and the nematic-isotropic phase interface of a 7CB liquid crystal, for temperatures of
Ty =55.0°C and T;, =34.0 °C. The bright and dark areas in the images correspond to the isotropic
and nematic phases, and the horizontal line between the phases is the nematic-isotropic phase in-
terface. From the images, the polystyrene particles fall towards the phase interface with a terminal
velocity. When the particle contacts the phase interface, the particle remains settle on the phase
interface. After + > 23.8s, it is observed that the phase interfacial force is not strong enough to
hold the polystyrene particle; thus, the particle breaks through the phase interface. In addition,
the deformation of the phase interface is minimal. The trajectories of the nematic-isotropic phase
interface and the polystyrene particle for 7CB is shown in Figure 3.37. From the figure, it is ob-
served that the polystyrene spherical particle reaches to a terminal velocity for < Os. Then the
velocity of the particle decreases and is temporarily trapped on the phase interface. Atr = 23.0s, it
is observed that the particle slowly passes through the phase interface. It has been proven that the
phase interfacial force for the 7CB is the weakest in comparison to the other thermotropic liquid

crystals.
3.7.3 Nematic-isotropic phase interface and polystyrene particle in 9CB liquid crystal

Figure 3.38 shows the time series of the polarized light microscopic images of a polystyrene
spherical particle and the nematic-isotropic phase interface of a 9CB liquid crystal material, for
temperatures of 7y = 55.0 °C and 7z, = 46.0 °C. It is observed from the images that the polystyrene
particle starts falling from the isotropic phase region towards the nematic-isotropic phase inter-
face. After the polystyrene particle makes contact to the phase interface, at r > Os, the particle
remains captured on the phase interface. It is observed that the disturbance of the nematic phase
region caused by the polystyrene spherical particle is minimal. The phase interfacial force for the
9CB liquid crystal is strong enough to capture the polystyrene particle. The trajectories of the

nematic-isotropic phase interface of a 9CB and the falling polystyrene spherical particle is shown
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Figure 3.36: A sequence of microscopic images of the nematic-isotropic phase interface (Ty =
55.0°C, Ty = 34.0°C) of 7CB liquid crystal.
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Figure 3.37: Displacement of the nematic-isotropic phase interface and the polystyrene particle of
7CB liquid crystal.
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Figure 3.38: A sequence of microscopic images of the nematic-isotropic phase interface (Ty =
55.0°C, T, = 46.0°C) of 9CB liquid crystal.
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Figure 3.39: Displacement of the nematic-isotropic phase interface and the polystyrene particle of
9CB liquid crystal.
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in Figure 3.39. It is observed from the trajectories of the particle that the particle reaches a termi-
nal velocity for < O0s. As soon as the particle contacts the phase interface, the particle remains
settled on the phase interface with minimal disturbance in the nematic phase region. It is found
the deformation of the phase interface is minimal. Due to low deformation on the phase interface
caused by the polystyrene particle, it is understandable that the nematic-isotropic phase interfacial

force for the 9CB is stronger than the SCB, 6CB, 7CB and 8CB.
3.7.4 Smectic-isotropic phase interface and polystyrene particle in 12CB liquid crystal

Figure 3.40 shows the time series of the polarized light microscopic images of a tungsten car-
bide particle and the smectic-isotropic phase interface of an 11CB liquid crystal, for temperatures
of Ty = 63.0 °C and Ty, = 54.0 °C. From the figure, the smectic-isotropic phase interface can be
observed as a dark horizontal line, and the upper and lower areas correspond to the smectic and
isotropic phase interfaces. Due to the high density of the tungsten carbide particle, the particle
falls with a terminal velocity from the isotropic phase region and the particle is captured by the
smectic-isotropic phase interface. Furthermore, the tungsten carbide particle remains settled on the
smectic-isotropic phase interface at ¢ > 1.08s.

The trajectories of the smectic-isotropic phase interface of an 11CB and the tungsten carbide
particle is shown in Figure 3.41. It is observed that the tungsten carbide particle rapidly approaches
to the phase interface with a terminal velocity. It is found that the 11CB smectic-isotropic phase
interfacial force possesses enough strength to decelerate and capture the tungsten carbide particle
on the phase interface. Therefore, it is found that only the 11CB and 12CB liquid crystals in our
study are able to capture the tungsten carbide particle, and the phase interfacial force for the 11CB

and 12CB is extremely large and applicable for future micromanipulator systems.
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Figure 3.40: A sequence of microscopic images of the nematic-isotropic phase interface (Ty =
63.0°C, Ty, = 54.0°C) of 11CB liquid crystal.
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Figure 3.41: Displacement of the smectic-isotropic phase interface and the tungsten carbide parti-
cle of 11CB liquid crystal.
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3.8 Conclusion

In this study, for the purpose of developing better manipulator systems utilizing the phase inter-
facial force of liquid crystals and expanding the application of a liquid crystal micromanipulators,
we have demonstrated experimental results of the phase interfacial force of distinctive thermotropic
liquid crystal materials (5CB, 8CB, and 12CB). Stable phase interfaces are created by controlling
the temperature distribution of the liquid crystal material and microscale particles were tracked
by an image analysis software. By utilizing the phase interfacial force of a 12CB liquid crystal,
we have demonstrated that particles with density 15 times more than the liquid crystal itself can
be captured by the phase interface. Therefore, the smectic liquid crystal material (12CB) reveals
a stronger interfacial force compared to the nematic liquid crystal materials. It is possible to de-
velop a micromanipulator with a significant driving force that can drag heavier microscale objects
utilizing the 12CB liquid crystal. It has been experimentally and theoretically demonstrated that
the normal stress acting on the particle is suitable regardless of shape and size of the particle. In
addition, the capturing of spherical particles utilizing another four distinctive thermotropic liquid

crystal materials (6CB, 7CB, 9CB, and 12CB) is attempted, respectively.
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4. Fundamental study on the development of a mechanical device by utilizing the elasticity

of the molecular orientation field of nematic liquid crystals

In this section, a 4-cyano-4’-pentylbiphenyl nematic liquid crystal (SCB) is filled between two
circular glass plates that are subjected to a rubbing treatment. Then, by making the rubbing direc-
tions of the upper and lower glass plates orthogonal to each other, the twist distortion occurs in the
director field of the nematic liquid crystal. Consequently, the upper glass plate needs to rotate to
eliminate the twist distortion occurred in the director field in the nematic liquid crystal, as shown
in Figure 4.1. We observe the motion of the upper glass plate after being released on the nematic
liquid crystal and examine how the distortion energy of the director field is then converted into
kinetic energy. Finally, we compared our experimental results with a postulated theoretical model
based on the director profile between the two glass plates to quantify the rotational angle of an
upper glass plate in our experiments. Additionally, we consider the possibility of new mechanical
elements using this principle of utilizing the elasticity of the molecular orientation field of nematic

liquid crystals.
4.1 Experimental methods

Figure 4.2 demonstrates an outline of the experimental setup used for this study. Experiments
were performed at room temperature (21 - 22 °C) on top of an optical table to prevent unnecessary
noise coming to the system. Glass plates of several diameter sizes (manufactured by Toshinriko,
Co., Ltd), detailly explained in Table 4.1, are subjected to a planar alignment treatment (AL3046,
manufactured by JSR Corporation and y-Butyrolactone, Wako Pure Chemical Industries, Ltd.) and
baked for approximately 20min. Each glass plates are marked with an arrow to show the rubbing
direction on the surface of the glass plate. The principle role of the alignment layer on the surface
of each cell is to manipulate the direction of the director profile of the liquid crystal molecules so
that the molecules in the orientational field are parallel to the rubbing direction with a small pre-tilt

angle, as shown in Figure 4.3. The open system cell is performed between a polarizer and analyzer
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Figure 4.1: Schematic diagram of a twisted nematic orientation molecular field. The rod-like
cylinders represent the direction of the director alignment through anchoring in the cell.

Table 4.1: Summary of the circular glass plates.

diameter size | mass | thickness inertia
(mm) | (mg) | (mm) | (mg mm?)

5.0 8.99 | 0.16~0.19 28.09

5.5 9.60 | 0.16~0.19 36.30

6.0 11.45 | 0.16~0.19 51.53

(Edmund Industrial Optics) and the cell is optical recorded with Full HD 1080P video camera.
The experimental procedure follows by placing a droplet of 5CB on the rubbing treated lower
glass plate. The liquid crystal is heated to a temperature of more than 35.2 °C to reach to isotropic
phase change transition state and then kept at room temperature to minimize the defects in the
liquid crystal material. The upper plate is stacked so that the rubbing direction of the upper glass
plate is orthogonal to the rubbing direction of the lower glass plate. The difference between the
anchoring directions at the lower and upper glass plates is defined as the rotational angle ® of the

upper plate, as shown in Figure 4.4.
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Figure 4.2: Schematic of the experimental setup and alignment of the liquid crystal molecules.
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Figure 4.3: (a) Schematic of the rubbing technique to align the molecules from the molecular
orientation field at the rubbing direction. (b) Planar alignment anchoring condition.
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Figure 4.4: Schematic that represents the alignment direction in the liquid crystal cell.

4.2 Experimental Results

Figure 4.5 shows a sequential images of a rotating upper glass plate of diameter 5.0mm under a
polarized light optical video camera. The arrow marked on the glass plate represents the anchoring
direction, and the anchoring direction of the lower glass plate is fixed in the vertical direction. A
121 5CB liquid crystal droplet is placed on top of the bottom glass plate, and the gap between the
lower and upper glass plate is approximately 0.6 mm. In the image (a), the rubbing direction of the
upper glass plate is placed roughly orthogonal to the lower glass plate at r = 0s. As time ¢ elapses,
as shown in image (b), the arrow indicating the rubbing direction of the upper glass plate rotates
counterclockwise. In image (c), the upper glass plate come to rest at which the rubbing direction of
the upper and lower glass plate coincides at t = 21s. When the molecules in the nematic molecular
orientation field become parallel to each other, the twist distortion energy is eliminated when the
upper glass plate comes to rest. Figure 4.6 demonstrates the time variation of the rotational angle
O (black line) and the angular velocity w (red line) of the rotating upper glass plate. As we observe
from the polarized light optical image analysis, the ® smoothly decreases from approximately 81°
and reaches a constant value of 0°. The angular velocity of the upper glass plate increases more
rapidly immediately after the release of the upper glass plate and continues to decrease to 0 rad/s

after reaching a peak value of 0.12 rad/s at # = 11.5s.
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Figure 4.5: A sequence of images of the upper plate rotating to the direction of the bottom plate
with time ¢. The diameter of the glass plates is 5.0mm with a 12ul SCB liquid crystal droplet.
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Figure 4.6: Rotational angle ® and angular velocity @ with time ¢ of 5.0mm diameter glass plates
with 12ul liquid crystal droplet.
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Figure 4.7 shows the sequential optical images of the rotating upper plate (diameter 5.5mm)
under a polarizing light video camera. As previously described, the arrow marked on the glass plate
represents the anchoring direction, the direction where the rubbing treatment is performed, and the
anchoring direction of the lower glass plate is fixed in the vertical direction. Since the diameter
of the glass plates is increased to 5.5mm, higher volume of liquid crystal material is required to
keep the same gap conditions for the rotational upper glass plate experiments. A 15ul SCB liquid
crystal droplet is placed on top of the lower glass plate and the gap between the upper and lower
glass plate is approximately 0.63mm. In image (a), the rubbing direction of the upper and lower
glass plates are orthogonal to each other. As time ¢ elapses, as shown in image (b), the upper glass
plate rotates towards the rubbing direction of the lower glass plate. In image (c), the upper glass
plate come to rest at ¢t = 26s where the rubbing anchoring direction of both the upper and lower
glass plates coincides to each other. It is observed that there is no light transmitted through the
liquid crystal cell since the molecules in the molecular orientation field are aligned to the rubbing
direction. Figure 4.8 shows the time variation of the rotational angle and angular velocity of the
rotating 5.5mm upper glass plate. As shown in the figure, the upper glass plates rapidly rotates
from ® = 90° until reaching an angular velocity peak value of 0.13 rad/s at t = 13.9s, then the

upper glass plate starts to decelerate from ¢ > 13.9s until coming to rest.

(a)1=0s (b)t=12.5s (c)1=26s

Figure 4.7: A sequence of images of the upper plate rotating to the direction of the bottom plate
with time ¢. The diameter of the glass plates is 5.5mm with a 15u1 5CB liquid crystal droplet.

68



o

Figure 4.8: Rotational angle ® and angular velocity @ with time ¢ of 5.5mm diameter glass plates
with 15ul liquid crystal droplet.

Figure 4.9 shows the sequential optical images of a 6.0mm rotating glass plate under a polarized
light video camera. An 18l liquid crystal droplet is placed on top of the lower glass plate, and the
gap between the upper and lower glass plates is approximately 0.64mm. In image (a), the upper
glass plate is placed orthogonally to the lower glass plate (positioned vertically). As ¢ elapses, the
upper glass plate starts to slowly rotate counterclockwise, as shown in image (b). The upper glass
plate come to rest and positioned parallel to the lower glass plate at = 56s. It is confirmed that
the glass plates with higher diameter rotate much lower than the smaller glass plates. Figure 4.10
shows the time variation of the rotational angle and angular velocity of the rotating 6.0mm upper
glass plate. Itis observed that the upper glass plate rotates rapidly until reaching an angular velocity
peak value of 0.06 rad/s at t = 15.7s, and the upper glass plate starts to decelerate until it comes to
rest.

With increasing the diameter of the glass plates, the weight of the glass plates also increases,
in which reduces the angular velocity. In Figure 4.11, while keeping the gap constant for different
glass plates size, the highest angular velocity decreases as the gap between the upper and lower

glass plates increases. However, while increasing the gap of the experiments from 0.61mm to
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(a)t=0s (b)r=15.7s (c)t=56s

Figure 4.9: A sequence of images of the upper plate rotating to the direction of the bottom plate
with time ¢. The diameter of the glass plates is 6.0mm with a 18ul SCB liquid crystal droplet.

Figure 4.10: Rotational angle ® and angular velocity @ with time ¢ of 6.0mm diameter glass plates
with 18ul liquid crystal droplet.
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Figure 4.11: Experimental results of the gap (H) and the highest angular velocity @peak.

0.76mm, the highest angular velocity increases as well. In addition to that, the effect of inertia
on the rotational motion of the upper glass plate shows lower angular velocity when R increases.
The data in-details of comparison for the rotational angles utilizing the nematic liquid crystal with
different gaps and glass plate sizes are given in Table 4.2.

Assuming that the distortion energy of the director field is the driving source of the upper glass
plate, the maximum driving torque is generated at t = Os, where the difference in the anchoring
direction between the upper and lower glass plates is the greatest. While the angular velocity of the
upper glass plate is increasing, the resistance due to the viscosity of the liquid crystal also increases.
However, while the upper glass plate rotates, the driving torque decreases as the difference in
the anchoring direction decreases. Furthermore, when the effect of the viscous drag becomes
dominant, the angular velocity of the upper glass plate tends to decline, and the upper glass plate
comes to rest. Due to the increase of the mass of the glass plate, it can be observed that the inertia
momentum of the glass plate declines. The behavior of this phenomena is explored to understand

the effects of elasticity of the molecular orientation field in the nematic liquid crystal (5CB).

71



Table 4.2: Summary of the rotational angles utilizing the nematic liquid crystal (5CB).

size gap Oinitial Ofinal Ifinal Waverage

[mm] | [mm] [°] [°] [s] [1/s]

5.0 0.41 | 86.4(£3.2) | 15.6(£2.3) | 15.4(£1.9) | 0.098(+0.012)
5.0 0.61 | 82.9(£1.6) | 0.54(£1.2) | 24.7(£2.7) | 0.059(%0.006)
5.0 0.76 | 88.1(£0.8) | 2.89(£2.4) | 19.3(£1.1) | 0.080(x£0.047)
5.5 0.42 | 88.5(£0.3) | 4.11(£1.6) | 19.3(£1.2) | 0.080(%0.010)
5.5 0.63 | 85.4(£3.8) | 2.27(£2.0) | 24.8(£4.1) | 0.061(x0.008)
5.5 0.76 | 86.4(£2.9) | 4.34(£1.2) | 14.3(£1.4) | 0.106(x0.008)
6.0 0.42 | 83.1(£1.0) | 1.09(%1.3) | 34.7(£3.8) | 0.042(£0.004)
6.0 0.64 | 87.5(£2.2) | 3.59(£2.9) | 45.3(£8.8) | 0.034(x0.006)
6.0 0.78 | 79.6(£9.9) | 12.8(£3.7) | 19.8(£1.7) | 0.066(+0.013)

4.3 Theoretical derivation of the elasticity of the molecular orientation field in nematic liq-

uid crystals

To understand the dynamics which confirms the rotation of an upper glass plate with the re-
laxation of the distortion energy, a theoretical model is developed to quantify the twist distortion
energy. We consider a nematic liquid crystal placed between two circular glass plates whose radius
and gap are R and H. The theoretical model is performed by utilizing Frank’s elasticity energy,

and Leslie-Ericksen theory[10]. For R > H, the director profile between the plates is assumed as

n= (ny,ng,n;) 4.1)
n(r,0,0) = (cosBcos ¢, —sinOcosP,sing) (4.2)
n(r,0,H) = (cos(®— 0)cos @,sin(® — H)cos @,sin¢) (4.3)

Then, the director profile of the liquid crystal molecules in the encapsulated cell can be described

as
n(r,0,z) = (cos <% - 9) cos ¢, sin <% - 9) cos ¢, sin (1)). 4.4)
By applying the director profile conditions, the Frank energy F is derived as
P ®2cosz¢((K2—Kg)cosz¢+Kz+K3). @5)

4H?
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The total energy in the cylindrical liquid cell is

2x R rH ®2R2 2 K — K 5 K K
Ftotalz/ / / F(r,0,z)dzrdrd0 = i cos” ¢ ((Ka 3)cos2¢ + K» +K3)
JO JO JO

e ,  (4.6)

where F' is the local energy density, K; and K3 are the curvature elastic constants. The elastic

torque on the upper glass plate due to the inhomogeneity in the molecular orientation field is

dFowl _ TOR? cos? ¢ (K> — K3) cos2¢ + K» + K3)
00 2H

re—_ . 4.7)

The viscous torque on the upper plate due to the shearing of the liquid crystal material (at v =

(0,vg(z),0) in the gap direction is written as

- _R4a)7r(4n1 —2sin? ¢ (0p — 05)) B R*om(cos® ¢ (a — 211 +213 — 0 cos29)) @8)
B 8H 8H S

Here, ® is the angular velocity of the plate. The Miesowicz coefficients are defined as

1
n= 5(064+065—062), (4.9)
1
M= 5(063+064+0€6), (4.10)
_1 @.11)
ns = 2064- .

Finally, the angular momentum equation for the plate is

202 _
Ia_a) e _ TOR“cos” ¢ ((K2 —K3)cos2¢ +K; + K3)
ot 2H
_ R'or(4m —2sin’ ¢ (0p — as)) + R} om(cos® (o — 211 4213 — a1 cos29)) “412)
8H S

As a result, the angular momentum equation for the upper glass plate, for the case that there is no

tilt angle (i.e., ¢ = 0), reduces to

0w , TR’ R’w
157 =+ _—7(®K2+T(m+ns)), 4.13)
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where [ is the inertia of the upper plate. Thus, the general solution for this equation is

1 R? —nnR? 2n2R% — 16nmHK
O(t) = =0 VIR +1 |exp nZR +/n’m iR,
2 VR*N? — 16HK,m 4mH
1 R? —nN7R* — \/N272R* — 16nmHK
-0 1- VTR exp—1° vn’m onmHK,, (4.14)
2 V/TR*N2 — 16HKym 4mH

where m is the mass of the glass plate, 1 = (1 + 13) and given for the conditions ®(0) = ®¢ and
®(0)=0.

For equation 4.14, we use the available values of 5CB [50]: K; = 3.81x 10712 Pa-s, n =
2.04x1072 Pa-s, N3 = 3.26x1072 Pa-s. According to the theoretical results (as shown in Fig-
ure 4.12), ® comes to rest at ~100,000s, in which does not satisfy to our experimental results.
Therefore, the rotation of the upper glass plate is much faster than expected from the developed
theory. The upper glass plate tries to minimize the distortion energy when released to become
parallel to the lower glass plate. However, the theoretical model shows that the driving source of

the upper glass plate is much lower compared with experimental results.
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Figure 4.12: Theoretical results of the rotational upper glass plate ® with respect to time. The
theoretical results disagree with experimental results; thus, an additional energy besides the Frank’s
elasticity energy is expected and should be explored.

4.4 Conclusion

To summarize this section, we try to develop future liquid crystal micro-manipulator systems
by utilizing the elasticity of the molecular orientation field in nematic liquid crystal materials. By
distorting the molecular orientation field through anchoring, the rotation of an upper glass plate
is confirmed at a rapid speed with different glass plate sizes and gap. We proposed a theoretical
model to explore more the phenomena that causes the rotational of the upper glass plate, in which
the relaxation of the director field must determine the rotation of the upper glass plate. Although
the theoretical model predicts that the time elapse for the upper glass plate to come to rest is much
longer compared to the experimental results, it has been discovered that additional energy besides

the free distortion energy density is expected and should be explored.
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S. SUMMARY AND CONCLUSIONS

We aim to develop the soft microactuator device that allows the capturing and manipulation
of microscale objects by the interfacial force between the liquid crystal and isotropic phases. In
previous work, the interfacial force between the nematic and isotropic phases is 1.4nN. To extend
the application of the device, we focus on the interfacial force between the smectic and isotropic
phases. From the experiments, the smectic-isotropic interfacial force is found to be more than
13 times stronger than the nematic-isotropic interfacial forces of SCB and 8CB. The results show
that potential usage of this microactuator device that enables the manipulation of biological cells

without damage. To summarize:

1. We introduced a micromanipulator system capable of capturing heavy objects by the smectic-

isotropic phase interface.

2. The smectic liquid crystal material reveals a stronger interfacial force compared to the ne-

matic liquid crystal material while using a tungsten carbide particle.

3. Thus, the smectic-isotropic phase interfacial force is much stronger than the nematic-isotropic

phase interfacial forces of the 8CB and 5CB.

4. The normal stresses acting on the surface of the particle is demonstrated to be Ps(12CB) >

Ps(8CB) > Py(8CB) > Py(5CB).
5. The interfacial forces and stresses depend on the material and the liquid crystalline material.

6. By utilizing the phase interface of the smectic liquid crystal, it is possible to develop a mi-
cromanipulator with a significant driving force that can drag microscale objects, not limited

to only biological cells, but for transport of heavier particles.

7. The capturing of spherical particles utilizing another four distinctive thermotropic liquid

crystal materials (6CB, 7CB, 9CB, and 12CB) is attempted.
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Secondly, we aimed to develop a mechanical device by utilizing the elasticity of the molecular

orientation field of nematic liquid crystals. To summarize the second section:

1. We developed mechanical elements by utilizing the elasticity of the molecular field of the

nematic liquid crystals.

2. By utilizing the energy when the molecular orientation field of the liquid crystal filled be-
tween two circular glass plates is distorted through anchoring, the rotation of the object is

attempted.

3. Our experiment results confirm that the object rotates with the relaxation of not only the

distortion energy but with another internal energy.

4. However, the postulated theoretical model does not satisfy our experimental results, and
we assume another internal energy besides the free energy density should be expected and

explored.
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6. Future Work

The dissertation focuses on evaluating the phase interfacial forces of various thermotropic lig-
uid crystalline materials and evaluating the normal stresses from the maximum phase interfacial
force of the thermotropic liquid crystals. The SCB, 8CB, and 12CB liquid crystals were chosen
for the systematic investigation for their phase interfacial forces since these liquid crystal materials
provide phases of nematic, smectic, and isotropic. However, there are several inquiries required to
enhance the phase interfacial force research work.

In this dissertation, we only focused on the phase interfacial force of the 5CB, 8CB and 12CB
liquid crystal through the use of different spherical particles with different densities. It is suggested
that the phase interfacial forces for the 4-cyano-4-hexylbiphenyl (6CB), 4-cyano-4-heptylbiphenyl
(7CB), 4-cyano-4-nonylbiphenyl (9CB), and 4-cyano-4-undecylbiphenyl (11CB) should be eval-
uated to expand the applications of liquid crystals. Thus, it will be helpful in the future to know
the phase interfacial forces of these thermotropic liquid crystal materials. Knowing the maximum
interfacial forces from the listed liquid crystal materials, the normal stresses can also be evaluated.

Since the indium tin oxide (ITO) shows high conductivity properties, good adherence on the
glass, and easy to be etched, the ITO layer should be implemented to glass plates for the purpose of
miniaturization. Figure 6.1 shows an example of the microactuator system utilizing the ITO layer
as an electrode material to supply electrodes to the glass plate to create a thermal source. A more
precise photolithography technique should be considered for a more stable phase interface of the
liquid crystal materials. In addition, the microfabrication pattern on the bulk of the substrate should
be considered in order to create a moving phase interface for the purpose of dragging microscale
particles. Therefore, by miniaturizing the manipulator, it is highly possible to transfer or transport
biological cells freely applicable such as in pathological examinations without damaging the cells.
Since the phase interface in nematic liquid crystals can be moved by um/s through a temperature
source, it is expected to lead to more accurate diagnosis in the biomedical applications.

DSC experiments to determine the enthalpies of the liquid crystal materials during phase tran-
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Figure 6.1: Future micromanipulator system

sition forces should be correlated with the maximum phase interfacial forces. The heat flow of
the liquid crystal materials should be explored and theoretical explanations should be developed
corresponding to the measured DSC data. The relationship between the DSC data of the liquid
crystals and the curvature energy of the molecular orientation field should be explored.

In chapter 4, the theoretical results do not satisfy with experimental results. The additional
energy besides the Frank’s energy should be explored and considered. A possibility should be
focused on the total energy in the cylindrical liquid crystal cell such that an additional force is ex-
perienced during the rotation of the upper glass plate. Therefore, the total energy and the additional

energy is considered as follows,

OFow _ TOR?cos” ¢ ((Kz — K3)cos2¢ + K» + K3)

e=— —
00 2H

+Fy, 6.1)

where Fy; is the additional energy besides the Frank’s free energy density.

Also, it is observed from the experimental results that the defects are continuously connected
between the upper and lower plates forming line-defects, and the length of the line-defects in-
creases as O increases. To take the energy of the line-defects into account for the energy of the
system, we should assume that the defects positions at the upper and lower plates are (R — 9,0 +

m/2,H) and (R— 9,0+ 7/2,0), where J is the distance between the plate edge and the defect
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core, and the total length of two line-defects, where a line-defect is straight line connecting the up-
per and lower plates, and the other line-defect is curved along the cylindrical surface of the liquid

crystal cell.
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