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Abstract

Inkjet and Electrohydrodynamic Printing of Liquid Crystal Droplets for Functional Optical

Elements
By Mengmeng Li

This thesis investigates the use of Drop-on-Demand (DoD) printing methodologies for the fabrication of
optical components using liquid crystal (LC) mixtures. The two DoD printing methodologies considered in
this thesis are inkjet and electrohydrodynamic (EHD) printing. Together, these methodologies facilitate the
precise deposition of LC-related mixtures across a wide range of length scales, spanning droplets that vary
in size from 1 micron to several hundred microns in droplet diameter. The processes relating to inkjet printing
and EHD printing were simulated using COMSOL Multiphysics with the objective being to deepen our
understanding of the operational mechanisms inherent to each printing method, with a particular emphasis

on EHD printing.

Using these printing technologies, three different optical elements are presented in this thesis. The
first photonic device that is demonstrated is a printed polymer stabilized chiral nematic LC (PSCLC) smart
window, which can function in either a conventional mode (scattering to transparent) or reverse mode
(transparent to scattering) with the application of an electric field. Inkjet-printed droplets of the PSCLC
mixture, with diameters of the order of 100-200 pm at the glass substrate and with LC layer thicknesses of

=~10-15 m, are characterized in terms of their transmission of light as a function of the electric field

amplitude and the response times for switching into and out of the scattering state. It is found that the printed
droplets, and arrays thereof, exhibit similar electro-optical properties to analogous thin-film devices, but

with the ability to incorporate bespoke features such as images and decorative patterns.

A DoD printed optical vortex beam generator is then demonstrated, which, upon the application of
an electric field of suitable amplitude, can generate a vortex beam in the far-field. Both simulations and
experiments are carried out to determine the optical characteristics of the printed LC devices and the resulting

far-field patterns for different polarizations of light. The study showcases the versatility of the generator in
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that it can produce both vortex beams and vector fields, the choice of which is simply determined by the

polarization of the input light.

The next element that is presented is a printed LC droplet that can be used as a key component in a
single-shot Stokes polarimeter for the measurement of the state of polarization of light. The use of a printed
LC droplet simplifies the optical assembly requiring only the addition of a lens, a polariser and a CCD as a
receiver. This polarimeter functions as a division of wavefront polarimeter which can enable single-shot
measurements with an error margin of less than 1% in the determination of Stokes parameters. This accuracy

highlights the effectiveness of the printed LC device in analyzing the polarization of unknown light sources.

In the Future Work, the thesis introduces two possible future applications facilitated by the
deposition of LC droplets via inkjet and EHD printing: LC gratings and optical Skyrmions. The application
of LC gratings primarily leverages the capability of EHD printing to produce LC droplets with diameters as
small as 1um. Regarding the application of optical Skyrmions, the devices created through inkjet printed LC

droplets demonstrate versatility in generating diverse types of Skyrmions.
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CHAPTER 1: Introduction

With the development of advanced printing methodologies, notably inkjet printing and
electrohydrodynamic (EHD) printing, the landscape of device fabrication is witnessing a
remarkable transformation. Inkjet printing was first invented by William Thomson and Abbe
Nollet in 1858, By the help of the discovery of the piezoelectric effect by Pierre and Jacques
in 1880, piezoelectric inkjet printing was developed in the late 1940s!?1, which has already been
used in many different fields including tissue engineering®®l, electronics®®,

biopharmaceuticals®®*% and more.

However, the resolution for inkjet printing is around 12 um in diameter and may vary
according to the properties of the printed ink[l, In this circumstance, EHD printing, on the
other hand, involves the application of a large amplitude electric field between the nozzle and
the substrate to pull the ink out of the nozzle instead of pushing the ink out as is the case for
the inkjet printing system. This mechanism leads to the formation of a Taylor cone that results
in the deposition of printed droplets with a smaller diameter than that achievable using inkjet
printing. The resolution in EHD printing is even smaller than 1 pm[*?l. These methodologies,
celebrated for their precision and multifaceted material deposition capabilities, are emerging
as robust tools, enabling swift, cost-efficient, and mass production of optical devices, thereby

propelling advancements in the realm of photonic technologies.

The primary objective of this thesis is to demonstrate the application of advanced
techniques in the fabrication of optical devices using liquid crystal (LC) materials. LCs are
unique substances that exhibit properties between those of solid and liquid states, making them
particularly suitable for the printing processes discussed in this research. These materials

possess significant optical anisotropy, resulting in birefringence, which is advantageous for
1
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optical device applications. An exploration of the operational process of inkjet and EHD
printing is undertaken, supported by an evaluation of their benefits and possible constraints.
Moreover, an examination of the specificities of these methodologies for optical device
creation is conducted, with emphasis on the use of LC, the complexities of the printing process,

and the resultant attributes of the printed optical devices.

1.1 Aim and motivation

This research aims to demonstrate the practical potential of inkjet printing and EHD printing
when applied to LCs and their mixtures in the fabrication of optical devices. Previous research
in this area has focused on the printing of LC mixture for sensing devices such as microscopic

protein sensor®3, Alcohol sensor™, time-temperature sensor™ and so on.

Recognizing the transformative power of advanced printing technologies and their
potential use with LC-based materials, this study aims to explore the possibilities that may arise
from this combination. To achieve these objectives, the research focuses on the fabrication of
three primary optical components using printing techniques. This thesis will emphasize the
shape of the printed LC droplet, as the surface tension of the droplet influences the alignment
of the LC director, resulting in varying optical properties. These include two operational modes
of printed LC smart windows, a printed LC vortex beam generator, and a printed LC device

designed specifically for Stokes polarimetry.

Each of these optical components showcases the unique applications of advanced printing
technologies in optical device fabrication using LCs. Each component will be examined in the
separate subsequent chapters, providing an understanding of the fabrication processes and their
resultant properties. The following section outlines the content of this thesis and provides

detailed information on each chapter.
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1.2 Layout of the thesis

Chapter 2 will introduce the necessary background on LCs, focusing mainly on the nematic
phase, chiral nematic phase, and their respective physical and electro-optical properties. LC
polymer composites will also be introduced including both polymer dispersed liquid crystals
(PDLC) and polymer stabilized liquid crystals (PSLC), which are of importance for Smart

Windows.

In Chapter 3, I will provide an overview of the experimental procedures employed in the
thesis along with a presentation of the printing systems. There are two different printing
techniques used in this D.Phil thesis, which are inkjet printing and EHD printing. The inkjet
printing system includes a bespoke printing system and a commercially available printing

system (Microfab Jetlab II).

For the EHD printing system, this has been developed by a previous D.Phil student and
myself. The system was designed to accommodate interchangeable printing nozzles—both
glass capillary and metal types—thereby allowing for customization based on specific project
needs through the straightforward modification of the printhead within the apparatus.
Additionally, this system was engineered to function with minimal quantities of LC ink.
Incorporating a heating element and a control module, the system facilitates the precise thermal

management of the printed material.

Chapter 4 will introduce the modelling that has been carried out on inkjet printing and the
EHD printing processes. For this work, the COMSOL Multiphysics commercial software
package has been used, which is based on finite element modelling. This EHD simulation
model has been used to verify the possibility of printing LC and LC-polymer compositions
even though they are not conductive materials, which are traditionally employed in EHD

printing. Simulations have also been conducted to compare and understand the printing process.

3
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This simulation has been added to the paper ‘Drop-on-Demand Electrohydrodynamic Printing
of Nematic Liquid Crystals’ which has been developed in cooperation with another senior
D.Phil student. This work has been published in the journal Advanced Engineering Materials

2400245 (2024) where | am the second author.

Drop-on-demand (DoD) printing of polymer stabilized chiral nematic liquid crystal
(PSCLC) privacy windows is demonstrated in Chapter 5. These printed windows can function
in either a conventional mode (scattering to transparent) or reverse mode (transparent to
scattering) with the application of an electric field. The results show that the printed droplets,
and arrays thereof, exhibit similar electro-optical properties to analogous thin-film devices, but
with the ability to incorporate bespoke features such as images and decorative patterns. This
work has been published in the peer-reviewed journal paper ‘Printed Polymer-Stabilized Chiral
Nematic Liquid Crystal Privacy Windows’ Macromolecular Chemistry and Physics 223,
2200154 (2022) where I am the primary author. In this chapter, I will also present the research
that | carried out together with another D.Phil student to demonstrate printed PDLC smart
windows. This work led to the publication ‘Spatially Patterned Polymer Dispersed Liquid

Crystals for Image-Integrated Smart Windows’ Advanced Optical Materials 2101748 (2021).

I am a co-author of this manuscript.

Chapter 6 then introduces another potential application of printed LC droplets in the form
of optical vortex beam generators. These unique features make vortex beams important in many
photonics applications such as optical tweezers, optical communication, and more. Results are
then presented that demonstrate that using inkjet printing in the fabrication process provides a
fast and simple process for forming high order vortex beam generators or arrays. Furthermore,

the vortex beam can be switched on or off. This work has been published in the paper ‘Printed
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Liquid Crystal Optical Vortex Beam Generators’ Advanced Optical Materials 2400450 (2024),

where | am the primary author.

The focus of Chapter 7 is on the development and demonstration of a printed LC droplet
device for a new Stokes Polarimeter. The printed LC droplet functions as a microlens,
exhibiting radial refractive index variability and serves as a rotating waveplate in the azimuth
direction, while undergoing birefringence variation in the radial direction, thereby facilitating
simultaneous measurement of the Stokes parameters. This instrument, owing to its compact
and sleek design, can be assimilated into various optical systems without compromising the
accuracy of measurements. The fabrication procedure, analysis, working principle and
experimental results will be described in detail in this chapter. This work has been written up

for publication.

Finally, Chapter 8 summarizes the key conclusions from the previous chapters before
providing general conclusions for the entire D.Phil thesis. Potential areas for future work are
discussed for each of the avenues of research presented in the thesis. This is then followed by
a presentation of two further potential applications of printed LC droplets: diffraction gratings
using EHD printing, which could provide a printed diameter as small as 1 um, and printed
optical skyrmions. By utilizing LC droplets of varying diameters and combining them with
different thin-film-based half-wave and quarter-wave plates, it is possible to fabricate an array

showcasing various optical skyrmionium configurations.
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CHAPTER 2: Background

In this thesis, liquid crystals (LCs) are the principal material employed in all of the chapters.
This unique state of matter, straddling between a crystalline solid and an isotropic liquid,
exhibits the fluidity of liquids and the orderliness of solids. The molecules in LCs can self-
arrange in specific structures, altering in response to applied electric fields. These distinctive
traits make LCs an invaluable asset in technology development, extensively used in a wide

range of electronic devices, including optical devices.

2.1 Liquid crystal phases

Txsm Tsmf Tni
| |
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Crystalline Solid . Liquid Cr\ stal Phases [sotropic Liquid
’ X) Smectic Nematic M

0000 0000 00, x
030y 00 0
00000 0200 a
ALY

Figure 2.1 An example of the possible phase transitions of a thermotropic LC upon heating to the isotropic
liquid phase. The melting temperature is defined as the transition temperature from the crystalline solid to
the LC phase whereas the clearing temperature refers to the transition temperature into the isotropic liquid
phase.

Crystalline solids refer to a structure that exhibits a certain regularity in terms of a spatial
arrangement of the atoms (or molecules) to form a periodic structure. The liquid state, on the
other hand, cannot maintain a stable structure, so its composition naturally has no regularity.
Liquid crystals (LCs), which were first observed in 1888 by Friedrich Reinitzer '], are a state

of matter that exists between the solid crystalline and isotropic liquid phases. These LC

mesophases can exhibit orientational order and, in some cases, positional order as well. LCs

6
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can be divided into two classes: thermotropic and lyotropic. Thermotropic LCs refer to the type
of materials whereby the mesophase appears upon a change in the temperature (see for example
Figure 2.1). Lyotropic LCs, on the other hand, are formed with the addition of a solvent, which
is controlled both by the concentration of the solvent and temperature 71, This thesis considers
thermotropic LCs only as these are the materials that are used in optoelectronic technologies
such as in the displays industry. Aside from the separate classifications, LC phases are also
characterized by the type and degree of order that is present e.g. the nematic, chiral nematic

(sometimes referred to as cholesteric), and smectic phases.

2.1.1 Nematic phase

The nematic phase is the least ordered LC phase as it possesses orientational order only, but no
positional order. It is also the most popular LC phase in terms of commercial technological
applications. The molecules that form a nematic phase typically exhibit a rod-like shape and
consist of a rigid aromatic core and a flexible alkyl chain. A unit vector known as the director,
n, is usually employed to characterize the overall orientation of the LC molecules. It is obtained
by averaging the orientation of the long axis of the molecules, as shown in Figure 2.1. Nematic
LCs can be considered to possess three main features: (1) They have long-range orientational

order, which is described by the scalar order parameter, S, defined as
1
S=E<300529— 1) (2.1)

where 6 is the angle between the director n and the long axis of the molecules. The brackets

(< >) denote an average over all the molecules in the nematic phase.

For the crystalline phase, S = 1 when at absolute zero temperature. Values for S in the
nematic phase are lower than 1 because of the lack of perfect order and are observed to decrease
with increasing temperature. S = 0 in the isotropic phase corresponds to a lack of any

orientational order. (2) The nematic phase has no positional order, meaning that the molecules

7
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are not arranged in layers and only maintain approximately parallel distribution in terms of the
direction of the long axis of the molecules. (3) Nematic LCs exhibit a similar degree of fluidity

to ordinary isotropic liquids.

2.1.2 Chiral nematic phase

Chiral nematic LCs (or cholesteric LC as they are often known because the first discovery was
in cholesteryl-based derivatives) differ from a nematic LC in terms of the formation of a
macroscopic helical arrangement of the molecules as a result of the presence of chirality, as
shown in Figure 2.2. For chiral nematic LCs that are formed through the addition of chiral
additives, the handedness of the helical structure is determined by the handedness of the chiral
additive. The director n in the macroscopic chiral structure rotates either clockwise or
anticlockwise depending upon the handedness of the chiral dopant. The distance over which
the director rotates a full 3609s defined as the pitch, p. However, due to the invariance in the
physical properties when viewed along either n or -n, the period of the structure is half of the
pitch. The magnitude of the pitch depends upon the concentration of the chiral dopant and the
helical twisting power (f). The higher the value of g the smaller the value of the pitch for a

given concentration. The relationship between the pitch, the concentration and £ is given by

p=1 (2.2)

where c is the concentration of the chiral dopant [181%1. An example of how the pitch varies
with temperature for a chiral nematic LC with an underlying Smectic A phase is shown in
Figure 2.3. As can be seen in the figure, with increasing temperature the LC phase changes
from Smectic A to chiral nematic before clearing into the isotropic liquid phase. The pitch of
the chiral nematic LC diverges upon approaching the smectic A phase in order to be compatible

with the layered structure of the smectic A phase 2%,

8
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Figure 2.2 Configurations of either a left-handed or right-handed chiral nematic LC.
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Figure 2.3 The pitch of a chiral nematic LC as a function of temperature ¢, Reproduced with permission
from ref [l © Copy right 2017, Informa UK Limited, trading as Taylor & Francis Group
http://www.tandfonline.com . DOI: 10.1080/1358314X.2017.1279443.

2.2 Physical properties

The physical properties described in this chapter mainly focus on calamitic (rod-like) nematic
LCs. The anisotropy inherent in LC phases makes them an ideal material for many
technological applications requiring direct control over the propagation of light. The optical
and electrical properties can be quite different for the different alignment configurations, which

are described in more detail in the following section.

2.2.1 Optical anisotropy (Birefringence)

Light is an electromagnetic wave with oscillating electric and magnetic fields perpendicular to
the propagation direction. Light travels at different speeds when it encounters different
refractive indices and for LCs two principal refractive indices correspond to orientations of the

oscillating electric field being either parallel or perpendicular to the optic axis. For the case of
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an aligned nematic LC, the optic axis is an axis that is colinear with the director. The refractive
index perpendicular to the optical axis is called the ordinary refractive index (no) and the
refractive index along the optical axis is called the extraordinary refractive index (ne) as shown

in Figure 2.4 (a).

/" Optical axis

Optical positive Optical negative Light propagation

Figure 2.4 (a) Schematic of optically positive (left) and optically negative (right) LC (b) Schematic of light
passing through an LC 2%, Reproduced with permission from Springer Nature, from Sengupta, A. (2013).
Liquid Crystal Theory (Chapter of Topological Microfluidics Nematic Liquid Crystals and Nematic Colloids
in Microfluidic Environment).

If the light propagation direction is at an angle, ¢, to the optic axis it will split into

components that experience ne and no, given by

Ne = MinL (2.3)
Jnﬁ cos2(p)+n3 sin2(p)

n, =n, (2.4)

where ni is the refractive index along the optical axis and n . is the refractive index

perpendicular to it. The effective birefringence is defined as An = ne — no, which determines
the phase difference between the ordinary and extraordinary rays. The phase retardation, J, can

be defined as

5=T(ne—n0)d (2.5)
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where d is the thickness of the LC layer.

In a chiral nematic LC, the combination of the helical structure and the optical anisotropy
leads to the appearance of a bandgap in the transmission spectrum. When the pitch is of the
order of the wavelength of light, this bandgap can appear within the visible spectrum. The
relationship between the bandwidth of the bandgap (AA), the pitch of the helix and the

birefringence is given by

Al=An-p (2.6)

The band gap can be observed directly from the reflected colour of the chiral nematic LC and
with the aid of a UV-Vis spectrometer, as shown in Figure 2.5. The edges of the band gap can

be calculated by 4 and the refractive index along the two directions which are 1 - n, and 1 - n,.
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Figure 2.5 Transmission spectrum for white light propagating through a chiral nematic LC film.

2.2.2 Viscosity

LCs are anisotropic fluids that have different viscosities depending upon the different
directions of flow 2%, To represent this anisotropy, three viscosity coefficients are typically
defined, as shown in Figure 2.6. In this case, the bottom plate is fixed whilst the top plate is
free to move towards the x-direction according to the applied shear force, Fx. If the LC director
is parallel to the flow direction, the viscosity coefficient that is measured is referred to as 11

(Figure 2.6 (a)). If the director is parallel to the flow gradient, on the other hand, this coefficient

11
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is called n2 (Figure 2.6 (b)). Finally, ns (Figure 2.6 (c)) represents the viscosity coefficient
corresponding to the case when the director is perpendicular to both the flow direction and the
gradient of the flow. In addition, the rotation of the LC director could also influence the

viscosity of the LC, which can be evaluated by the rotational viscosity coefficient vy.

Fx Fx Fx
(a) —_— (b) —_— (c)
[ \ ] | ]
<> o ‘n © ©n
— n

Figure 2.6 Schematic representation of the three different viscosity configurations.

The viscosity influences the flow of the LC, which is of significance for the printing
process considered in this work. The viscosity also varies significantly with temperature 241,
Figure 2.7 demonstrates how these viscosity coefficients typically vary with temperature for a
nematic LC. It can be seen that the three viscosity coefficients collapse to a single coefficient
(hiso) in the isotropic liquid phase, which is of importance when printing LCs and is therefore

discussed later in this thesis.
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0.05 |

Viscosity (Pa‘s)

0.00 L L L L L
-50 -40 -30 -20 -10 0 10

T-Ta(K)

Figure 2.7 The variation of the three viscosity coefficients with temperature. T is the nematic-isotropic
phase transition temperature Y. Reproduced from Introduction to Liquid Crystals Chemistry and Physics
by INFORMA UK LIMITED, ISBN: 9780748406432, page 18, with permission of The Licensor through
PLSclear. © INFORMA UK LIMITED.
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2.2.3 Surface Anchoring and Alignment

The surface alignment of an LC phase has a significant influence on the properties of the
resulting LC film. For nematic LCs, there are typically three types of director alignment: planar,
tilted, and homeotropic (or perpendicular). Two angles are typically used to represent the
alignment of the LC director as shown in Figure 2.8(a): the azimuthal angle ¢ and the polar
angle 0. For a uniform planar alignment as shown in Figure 2.8(b), 6 = n/2 and ¢ = constant
whereas for a homeotropic alignment (c) 6 = 0 and ¢ is undefined. For Figure 2.8(d), which
represents a degenerate planar alignment 6 = n/2 and ¢ is arbitrary whilst (e) illustrates a tilted

alignment of the director whereby 0 ranges between 0 and 7/2 and ¢ = constant [20 221,

Figure 2.8 (a) Schematic illustration of the anchoring angle, (b) uniform planar alignment, (c) homeotropic
alignment, (d) degenerate planar alignment, and (e) tilted alignment.

One way to align a nematic LC is to deposit a planar alignment layer such as polyimide or
PVA solution by spin-coating the materials onto the surface of a substrate. A rubbing machine
is then used to rub the layer in the desired direction, forcing the LC to align preferentially in a
planar orientation. Alternatively, homeotropic alignment is typically achieved through the use
of chemical surfactants such as lecithin, which forms a thin layer on the substrate. This kind of
surfactant usually contains two parts: a hydrophilic head group and a hydrophobic hydrocarbon
chain, resulting in the LC director aligning perpendicular to the substrate. Photoalignment is
also a method that can be used to align LC phases, especially for more sophisticated patterning

of the LC orientation.

13
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The bulk alignment of an LC phase is also influenced by the elastic free energy as well as
from the surface treatment. The Ericksen number (Er) 23 is used to describe the degree to which
the flow of the LC influences the resulting macroscopic alignment. It is defined as the ratio of

viscous to elastic forces [24-25]

(2.7)

where 7 is the average flow viscosity coefficient as described before, v is the flow velocity, L
is a typical length scale, and K is the elastic constant. If the Er number is greater than unity,
then the main factor influencing the distribution of the LC director is flow. However, for small

values of E;, the surface treatment plays the main role in the director alignment.

2.2.4 Elastic properties

Continuum theory considers the elastic free energy, which describes the relationship between
energy and director distortion caused by any other external condition. The free energy per unit

volume of an achiral nematic LC can be defined as follows,
1 2, 1 2, 1 2
Fy, = EKl[V-n] +5K2[n-(Vxn)] +5K3|n><(V><n)| (2.8)

where K1, K2, and Ks are constants representing the three fundamental distortions of the director:
K1 relates to splay (Figure 2.9(a)), Kz relates to twist (Figure 2.9(b)), and Ks relates to bend

(Figure 2.9 (c)). These three constants describe the "rigidity" of the LC to director distortion.

“ 0 0 ( (c) yzz%
\\@0000 oot ===

Figure 2.9 Three fundamental distortions of a nematic LC: (a) splay, (b) twist, and (c) bend.
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2.2.5 Response to an electric field

The orientation of the nematic LC director can rotate when the LC layer is subjected to an
external field. Figure 2.10 shows a planar-aligned nematic LC sandwiched between two pieces
of Indium tin oxide (ITO)-coated glass slides. A voltage is applied and the distance between
the substrates is d. For a nematic LC, the dielectric response is characterised by two principal

dielectric permittivities, which are £, measured along the LC director and &, measured

perpendicular to the LC director. For a nematic LC with a positive dielectric anisotropy, A ¢=

e/ - e, takes a positive value %61, When a voltage is applied to the LC, the positive dielectric

anisotropy means that the director will tend to align parallel to the electric field, whereas for a
negative dielectric anisotropy LC the director will align perpendicular to the electric field.
However, the electric field needs to be sufficiently large enough such that it overcomes the

elastic force. This results in a threshold voltage that can be defined as follows,

;'7:21'(l
vV = 2.9
th SUAS ( )

For the case illustrated in Figure 2.10, only Kz is relevant at the threshold as it corresponds to

a splay distortion 271,

V< Vih > Vih V= Vih
(@) 4 . (b) ‘ ()" :
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Figure 2.10 Orientation of the nematic LC director (positive dielectric anisotropy) with different applied
voltage amplitudes.
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With an increasing voltage applied to the LC layer, the tilt angle 8 will increase from 0°
to 90< as shown in Figure 2.11(a). In the meantime, the permittivity of the layer increases
from €1 to € (Figure 2.11(b)) with the application of a voltage. Figure 2.11(c) shows the optical
transmission curve for light propagating through a nematic LC layer between crossed polarizers.
Equation 2.10 represents the relationship between the optical transmission and the effective

birefringence An, which in turn depends upon the applied voltagel?’-2°1,
T = ’I—:t = sin?(2y)sin?(*3) (2.10)

where lin is the input transmission intensity and the lout is the output transmission intensity, y is
the angle between the optic axis of the LC layer and the transmission axis of the polariser, 1 is

the wavelength, and d is the thickness of the LC layer.
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Figure 2.11 (a) the tilt angle, (b) the permittivity of the layer, and (c) the optical transmission through the
LC layer between crossed polarisers as a function of the applied voltage.

The rubbing direction of the alignment layers influences the LC director alignment which
has a big influence on the electro-optic behaviour of the LC device with different director

alignments. Anti-parallel rubbing results in an alignment configuration as shown in Figure

16
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2.12 (a). If the rubbing direction is parallel, the LC director adopts a director configuration as

shown in Figure 2.12(b), which is called a nematic n(pi) cell.

(a) i J () I ——
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Figure 2.12 Nematic LC cells with anti-parallel rubbing (a) and parallel rubbing (b).

2.3 Liquid crystal polymer composites

For this thesis, LC polymer composites will play an essential role. The purpose of studying
these materials is that the addition of a polymer either in the form of a binder or a network
provides mechanical stability to the printed materials. Furthermore, by forming LC-polymer
composites a wider range of electro-optic properties can be explored as well as the potential
for creating components that respond to other external stimuli such as mechanical stress. The
two main types considered in this work include: polymer dispersed LCs and polymer-stabilized

chiral nematic LCs.

2.3.1 Polymer dispersed liquid crystals (PDLC)

Polymer dispersed liquid crystals (PDLC) are mixtures of LC and polymer that phase separate
to form droplets of LC dispersed in a polymer binder. The size of the LC droplets typically
ranges from several microns to tens of microns depending upon the phase separation process
that is employed. These materials are interesting for devices as they can switch from an opaque
scattering state to a transparent state with the application of a voltage across the PDLC layer.
The phase separation of the polymer and the LC can be triggered using different processes

including photopolymerization-induced phase separation, solution-induced phase separation,
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and temperature-induced phase separation. Photopolymerization-induced phase separation is

used in this work 391,
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Figure 2.13 PDLC (a) scattering state without a voltage applied. (b) transparent state with a voltage applied.

An illustration of the concept of a PDLC device is shown in Figure 2.13(a). In this state, there
is @ mismatch between the refractive indices of the LC droplets and the polymer binder (np).
This leads to the scattering of light and an opaque state. When a voltage of sufficient amplitude
is applied to the PDLC layer, the director inside the droplets aligns parallel to the electric field,
which allows the light to pass through the film (Figure 2.13(b)). In this state, the ordinary
refractive index component of the LC droplets (no) is matched to the refractive index of the
polymer binder (np). Therefore, there is no scattering of light, and the device appears
transparent when viewed at normal incidence. Due to this switching mechanism, PDLCs are of
interest for a range of applications including smart windows 321 light shutters 3334 displays

[35-361 and gas flow and pressure sensors 7-381,

2.3.2 Polymer stabilized liquid crystals (PSLC)

Polymer stabilized chiral nematic LCs combine a chiral nematic LC with reactive mesogens
(RMs) (an example chemical structure is shown in Figure 2.14) that crosslink to form a
polymer network when exposed to ultraviolet light. The type of RM used in this work is
RM257, which is a widely used RM material. The chemical structure of a reactive mesogen is
similar to that of a conventional low molar mass LC in that it contains an aromatic core and
flexible terminal chains, but it differs in that there are one or more reactive functional groups,

which cross-link in the presence of free-radicals to form a polymer network. A small
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concentration of photoinitiator (e.g., IR819 in Figure 2.14) is also required in addition to the
RMs, which convert to free radicals under UV illumination (wavelength 254 ~ 365 nm) [,
Through the use of RMs, it is possible to lock in the LC director alignment at the moment of
photopolymerization. If the concentration of polymer is large enough, the LC alignment will
be fully locked in, meaning that even in the presence of an electric field the LC director will
not reorient. In contrast, the director can still reorientate for lower concentrations of RMs. This

work will focus on mixtures with a low concentration (by weight) of RMs.

IR 819
%@
\_\;
D

RM 257

Figure 2.14 the chemical structure of RM257 and IR8191°],

2.4 Printing techniques

In this work, printing processes are used to fabricate new LC devices, including inkjet printing
and electrohydrodynamic printing. The two main forms of inkjet printing are continuous inkjet
printing (C1J) and drop-on-demand printing (DoD). An example of a CIJ printing system is
shown in Figure 2.15(a), a continuous set of droplets form and pass through an electric field.
The droplets charged by the electric field are deflected and then collected by a reservoir for
reuse. The other droplets that are not influenced by the electric field will be deposited onto the
substrate. In contrast, a DoD printing system forms a single droplet due to a volume change
and the droplet will then be ejected and printed directly onto a substrate Y. DoD printing
systems can be divided into two types due to the different ways in which the pressure waves

are generated inside the nozzle. As shown in Figure 2.15(b), a thermal inkjet generates a bubble
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through the use of a thin film heater, which will push the liquid inside the nozzle out to form a
droplet. The piezoelectric inkjet, however, forms the droplet through the use of a piezoelectric
transducer (PZT) (Figure 2.16(a)). The inkjet printing used in this thesis focuses on

piezoelectric transducer DoD printing [,
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Figure 2.15 Illustration of (a) continuous printing (CIJ) and (b) drop-on-demand printing (DoD).
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Figure 2.16 (a) piezoelectric DoD mode and (b) thermal DoD mode.

2.4.1 Inkjet printing

Liquid properties

Three main dimensionless parameters are often considered when it comes to printing liquids:
the Reynolds number, Weber number, and Ohnesorge number. The Reynolds number 4?1 js

used to describe the balance between the inertial and viscous forces, which is defined as,

R, =2% (2.12)
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where p is the liquid density, v is the velocity of the droplet out of the nozzle, # is the viscosity,
and d is the diameter of the nozzle. The viscosity has to be carefully controlled because a
viscosity that is too low will result in the liquid column being easily destroyed whereas a high

viscosity will prevent the droplet from being ejected out of the nozzle.

The Weber number 3! defines the influence of the inertial force and surface tension,

W, = 2% (2.13)

g

where ¢ is the surface tension that controls the shape of the droplet. The final parameter is the
Ohnesorge number [“+41 which is a non-dimensional metric, that provides insight into the
harmonious interrelation of viscous, inertial, and surface tension forces, proving integral in the

advanced analyses of fluid dynamic phenomena.

R e opd

Oh= VWe _ 1 (2.14)

N. Reis and B. Derby [“®! have defined an additional parameter, Z = 1/Oh and have proposed

that the liquid can form stable droplets if Z is in a range of 1 to 10.
Droplet formation process

In the drop formation process, boundary conditions should be considered. The printhead
typically comprises a nozzle and a squeeze tube, the latter of which contains an internal
piezoelectric actuator. One end of the squeeze tube is connected to the reservoir to supply the
printed material, while the other end is connected to the nozzle for the actual printing process.
The squeeze tube connected to the reservoir is open-ended since the reservoir diameter is larger
than the squeeze tube. On the other hand, the squeeze tube that is connected to the nozzle side
is considered a closed end since the nozzle diameter is small compared with the squeeze tube

diameter. If a pressure wave travels to an open end, it will reflect in the opposite direction with
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the opposite sign. However, for a pressure wave traveling to a closed end, it will also reflect in
the opposite direction but with a positive sign [“71. Figure 2.17 shows the whole process of
wave generation. The expansion and contraction of the PZT can form pressure waves. During
an increase in the voltage, the PZT expands, and a positive pressure is generated which splits

into two parts that travel in opposite directions.
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Figure 2.17 Pressure wave generated during the printing process.”® Reproduced from ref 8 with
permission of The Japan Institute of Metals and Materials. © 2004 The Japan Institute of Metals and
Materials.

The time for a pressure wave to travel along a length of squeeze tube L can be defined as,

f = (1.15)

where viiq is the pressure wave traveling in the liquid. Each wave component takes 0.5tw to

reach the open end or closed end and then travels back according to the process described

previously. The relative resulting pressure at the nozzle side is illustrated in Figure 2.18 (81,
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Figure 2.18 Relative pressure generated as a function of time [“8l. Reproduced from ref (8], with permission
of The Japan Institute of Metals and Materials. © 2004 The Japan Institute of Metals and Materials.

At time 1.5 tw, the pressure is the highest in the single pulse process, and this condition
leads to the generation and ejection of a droplet. However, the printing process highly depends
on the generated pressure wave, and the pressure wave is caused by the voltage waveform
applied inside the nozzle. Therefore, in addition to the pulse waveform, as shown in Figure
2.17, there are different types of waveforms that can be used to optimize the printing process,

such as the avoidance of satellite droplets [4°-50,

2.4.2 Electrohydrodynamic printing (EHD)

Electrohydrodynamic (EHD) printing is another type of DoD printing process, but with a
potentially higher resolution than inkjet printing. Figure 2.19 shows a typical EHD assembly.
The difference between the EHD printing system and the inkjet printing system is the electric
field formed between the nozzle and the substrate. The electric field causes the droplet to be
pulled out instead of it being pushed out, forming a much smaller droplet size compared to the

nozzle's inner diameter and that formed through conventional DoD inkjet printing.
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Figure 2.19 An example of an EHD printing system.

There are seven different printable modes in EHD printing depending on the operating
conditions, as shown in Figure 2.20. Among these modes, the multi-jet, multi-spindle, and
irregular fragments that are formed from several droplets combined together are typically not
suitable for forming sophisticated patterns. The drop, droplet, and spindle modes form
relatively large droplets, reducing the pattern's resolution. The jet mode, also called the cone-
jet, is the most stable and uniform and is thus the most widely used.®*52 This work aims to
focus on this model. In this mode, the droplet is held on the tip of the nozzle due to the surface
tension of the liquid. With increasing electric field, the charges accumulate on the surface
which causes an electric field and a resultant force that stretches the meniscus to form a Taylor

cone. More detail is provided in Chapter 5, Section 5.1.
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Figure 2.20 The different modes of EHD printing.
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Similar to inkjet printing, the liquid properties of the fluid play an important role aside
from the electric field strength, nozzle diameter, printing temperature, etc. The liquid properties
of importance include the viscosity, density, and surface tension 31 whereas the relevant
electrical properties include the conductivity and dielectric properties [B+5%1 All these
parameters together influence the printing process and cannot be considered in isolation.

Overall, higher surface tension makes the printing process more challenging 61,
The droplet formation process

The droplet formation process is more complex than the conventional inkjet printing process.
As shown in Figure 2.21, the liquid around the nozzle is under the influence of multiple forces
simultaneously: the surface tension, gravity, viscosity, and the coulomb force caused by the
electric field applied, including both the normal and tangential coulomb forces. When all the

forces are in a stable state, the liquid can move towards the substrate continuously and steadily.
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Figure 2.21 Schematic diagram of the formation of a Taylor cone.

The printing process is treated as a cone-jet process. A pre-pressure or initial velocity will be
applied to the liquid to form a meniscus on the top of the nozzle. Then a voltage is used, which
increases the volume of the meniscus and a Taylor-cone forms. Jetting starts on the top of the

Taylor-cone and lasts for a while, making the droplets accumulate on the substrate, as Figure
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2.22 shows. A period of the jetting process then ends, and a new one will begin according to

the next pulse.
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Figure 2.22 Droplet formation in the EHD printing process 1. Reproduced from ref 571, with permission
of John Wiley and Sons. © John Wiley and Sons.

2.5 Summary

This provides a summary on liquid crystals (LC) and printing techniques that are necessary for
the following chapters. The chapter has introduced the different LC phases, their physical
properties, their role in polymer composites, and the different printing techniques. The
discussion was initiated with an analysis of the primary LC phases, namely the nematic phase
and the chiral nematic phase, which form the basis for the subsequent studies. The chapter then
introduced the various physical properties of nematic LC, including the optical anisotropy
(birefringence), viscosity, surface anchoring and alignment, elastic properties, and response to

an electric field.

The latter part of this chapter focused on LC polymer composites, including the formation
and functionality of PDLCs and PSLCs, and understanding how the properties of LCs can be
optimally used in a composite form for a range of applications. This chapter then introduced
the main printing technologies used in this thesis, specifically inkjet and EHD printing. The

inkjet printing section covered critical aspects such as the prerequisite liquid properties and the
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droplet formation process, while the EHD printing section focused on the operating principles

and the droplet printing process.
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CHAPTER 3: Experimental Procedures

This chapter presents a detailed overview of the various experimental procedures employed
throughout this thesis. The processes encompass liquid crystal (LC) sample preparation,
polarized optical microscopy, and the utilization of inkjet printing and EHD printing systems.
Within the domain of inkjet printing, we introduce two distinct printing systems. One is a
bespoke system, assembled by a senior member of our team, equipped with a high-speed
camera that captures the process of droplet landing on the substrate. The other is a
commercially available, automated system (Microfab jetlabll), capable of printing intricate
patterns with high precision. For the EHD printing system, the setup was jointly constructed
by another senior team member and myself, primarily equipped to print LC. Enhancements
were subsequently made to this system by integrating temperature and positional control
modules, facilitating the printing of smaller droplet sizes without altering the size of the

printing head and enabling the creation of basic patterns.

3.1 Liquid crystal sample preparation

Throughout this thesis, our investigation primarily utilizes two mixtures— the nematic LC
mixture denoted as E7 (sourced from Synthon Ltd), and polymer-stabilized chiral nematic LC
mixtures (PSCLC). The concentration details of the PSCLC mixture used will be further
expounded upon in Chapter 5, while the general methodology for LC sample preparation is

outlined in the current discussion.

In this study, all the LC droplets based on optical components have been printed onto
variously treated glass slides. Preparatory to the printing process, these slides, whether

composed of plain glass or indium tin oxide (ITO) coated glass, are subjected to a rigorous
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cleaning regime. This procedure involves a sequential cleaning with acetone, an isopropyl
alcohol (IPA) solution, and deionized (DI) water. Following the cleaning process, the slides
are then dried either on a hot stage or simply in ambient air conditions. This is a precursor step

to the spin coating of other solutions for surface alignment.

The fabrication process of different optical devices addressed in this thesis involves
varying techniques and specific details. These variations and the particulars of each optical

device fabrication will be explained and elaborated in the corresponding chapters.

3.2 Polarized optical microscopy

In the specific scope of this thesis, the application of polarized optical microscopy (POM) is
used primarily in transmission mode. This facilitates the investigation of printed droplets under
two key conditions—parallel polarizers and crossed polarizers. Utilizing parallel polarizers,
incident light is transformed into polarized light upon passing through the first polarizer. As
the polarized light propagates through the LC, it encounters the material's birefringent
properties, which may change the polarization and phase of the light. Subsequently, as the
modified light propagates through the second polarizer, only those light waves whose
polarization axes align with the polarizer's polarization axis can pass. This selective
transmission results in varying brightness across different regions of the LC. Such differential
illumination facilitates enhanced observation of the LC’s characteristics. On the other hand,
with crossed polarizers, the birefringent optical properties of the sample dramatically affect the
polarization state of the transmitted light, offering a means to observe and understand the
inherent anisotropy within the printed droplets. In essence, the use of POM in these two
configurations provides a methodology to study the unique optical characteristics of printed
LC droplets, contributing significantly to our comprehension of their behaviour and potential

applications in this research.
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3.3 Inkjet printing systems

3.3.1 Bespoke printing system

The Bespoke printing system consists of a print head, heater, slide holder, translation stage,
LED light source, USB Camera, two motors (X and Y) that are used to control the X and Y
direction movement, two motors, a power supply for the heaters, and two motors to drive the
two u Steppers, as shown in Figure 3.1. For the signal part, there are three triggers in total. The
first one is to trigger the JetDrive Ill, which drives the microfab nozzles with the various
trapezium voltage waveforms. The following trigger is for the LED light source, and this
trigger is delayed by a couple of microseconds since the droplets need time to generate and
drop out of the nozzle as described in Chapter 2 at 1.5 tw. The final trigger is required to tell

the camera when to take the pictures.
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Figure 3.1 Layout of the bespoke printing system developed in the research group.

The waveform used to generate the pressure waves can be modified in the software for the
JetDrive 111, which was provided by the Microfab company. To begin with, the material needs
to be filled into the print-head reservoir and back pressure applied to make the material fill the

entire nozzle. The position of the substrate is then adjusted using the translation stage so that

30



Printing Techniques for the LC Droplet Optical Elements Chapter 3: Experimental Procedures

the material can be deposited at the desired location. The heater around the nozzle allows the
temperature of the LC material to be increased, which results in a lower viscosity. For some
LC materials, the increase in temperature is sufficient to cause a transition into an isotropic
liquid phase. A photograph of the printing facility is shown in Figure 3.2. The versatility
provided with this printing system enables us to study the printing process for the LC materials.
Figure 3.3 shows an example of droplets of nematic LC printed using the Bespoke printing

system which shows a uniform circular profile. The printed LC droplet is around 100 um in

diameter.
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Figure 3.2 The Bespoke printing system.
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Figure 3.3 The printed droplet with the Bespoke printing system under parallel polarisers and 4x
magnification. The printed droplet consists of a polymer-stabilized chiral nematic liquid crystal in the focal
conic state, which will be described in detail in Chapter 5.3.1. The bespoke system used in this study was
designed for preliminary experiments conducted prior to the main experiment. This system requires only a
small amount of the printed material, enabling us to test whether the mixture is suitable for the printing
process while minimizing material waste.

3.3.2 Jetlab Il printing system

The Microfab Jetlab-11 is a commercially available printing system, which is shown in Figure
3.4. The Jetlab-I1 includes a drop inspection camera that can help us better visualize the printing
location on the substrate, especially when printing at precise locations is required, such as
between in-plane ITO electrodes. The JetLab-I1 is also equipped with four ink reservoirs and
dispensers, which enables us to print up to 4 different materials on the same substrate
simultaneously or sequentially. A key functionality that differentiates the JetLab-11 from the
bespoke printer built by the research group is the highly automated control of the translation
stages, which allows us to print complex patterns and features using the LC inks. Figure 3.5
shows an example of an array of droplets printed with the Microfab Jetlab-11 printing system.
The diameter of the printed LC droplet is around 100 pm. The gap between the droplets can be

adjusted via computer control.
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Figure 3.5 Microscope image of an array of printed LC droplets formed with the Microfab Jetlab-11 printing
system. The image was taken for printed droplets placed between parallel polarizers and using a 4x
microscope objective. The mixture used in the printed droplet is a polymer-stabilized chiral nematic liquid
crystal in the Grandjean state, which will be discussed in detail in Chapter 5.3.1. The microfab system
facilitates the creation of customized patterns with precision and adaptability.

3.3.3 Printheads

The Microfab dispensers (printheads) operate via piezoelectric activation, the structure of
which is shown in Figure 3.6. A doughnut-shaped piezoelectric (PZT) unit, characterized by
radial polarization, is affixed to a glass conduit incorporating a nozzle and orifice. This glass
conduit, shielded within a protective enclosure, is joined at the supply terminus to a holder

fitted inside the printing system.
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Figure 3.6 Schematic representation of the glass dispensers by MicroFab.

The toroidal piezoelectric actuator, utilized in the printheads, encompasses electrodes on
its peripheral and central surfaces. The internal electrode is extended around onto the external
surface, which allows the electrical coupling process. A minuscule, demetallized region on the
external surface functions to segregate the two electrodes by the piezoelectric material (Figure
3.6). To facilitate connection, slender gauge wires are soldered to the peripheral electrode and
the wrap-around portion of the internal one. These wires, loosely intertwined, are housed in a
connector that is connected to the output cable of the MicroFab's JetDrive™ electronics system.
In this thesis, the Microfab dispensing device selected was the MJ-AT-01, which has an 80

microns nozzle diameter, as shown in Figure 3.7.

Figure 3.7 Print head with wires and connector.
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3.4 EHD printing system

Here the EHD printing system that was constructed in-house is discussed, with particular
emphasis on the assembly process and subsequent optimization strategies. In our bid to enhance
automation, a thermal controller and position controller have been incorporated into the system.
The addition of these features not only enhances the system's performance but also optimizes

its efficacy.

3.4.1 Design of the EHD printing system

The EHD printing system, co-developed with a senior group member, comprises key elements
that collectively enable a high-precision and high-efficiency fabrication processes. A schematic
diagram of the system is shown in Figure 3.8. The crux of the EHD printing system revolves
around the interaction between the nozzle and the substrate. The design of this arrangement

caters to the generation of the electric field, which is imperative for the droplet ejection process.

A function generator serves as the source of electric signals for this operation. These
signals require amplification, achieved via a 1000>< amplifier working in conjunction with a
high voltage power supply, to yield an electric field of sufficient magnitude. The applied
electric field is visually represented on an oscilloscope for verification against the prescribed
parameters, ensuring the exactitude of the electric field application between the nozzle and the
substrate. A syringe pump furnishes the requisite back pressure, prompting the ejection of the

print material through the nozzle.

Finally, a high-speed camera monitors the droplet formation process in detail, functioning
under the radiance of a dedicated light source to capture the key aspects of the process. A
distinguishing feature of our EHD printing system lies in its ability to handle dynamic printing
processes. Before printing, the nozzle is adjusted in the z-direction to establish an optimal

position for printing. However, once printing commences, the nozzle remains static while the
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two-directional translation stage manipulates the substrate, facilitating the creation of complex
droplet arrays and patterns.
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Figure 3.8 Pictorial representation of the EHD Printing system developed in-house. In the EHD printing
process, two types of nozzles were utilized. For the metal nozzle, the distance between the nozzle and the
substrate was approximately 500 pm, whereas for the glass nozzle, the distance was around 100 um. The
variation in distance is due to the significant influence of the nozzle's outer diameter on the shape of the
Taylor cone formed during printing. The nozzle-to-substrate distance must be sufficient to ensure proper
Taylor cone formation.

Figure 3.9 illustrates the actual assembly deployed in our study. Two MT1-Z8 Thorlabs
translation stages were utilized, allowing bi-directional (x and y) movement spanning a range
of 12 mm <12 mm. These translation stages were managed by a standalone motion controller
(KDC101 Thorlabs) which was computer interfaced. This controller provided diverse
operation modes, enabling both the activation of the translation stage and the transmission of
an output signal to the function generator for external input. Upon reception of this signal, the
function generator (AFG 2021 Tektronix) produced and transmitted a pre-defined wave signal
to the amplifier, thereby initiating the application of an electric field between the nozzle and

the substrate. The amplifier (Trek 609A) was capable of magnifying the input signal a
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thousand-fold, thereby facilitating an output range of 0 — 10 kV. The resultant output signal
can be visualized and analysed using an oscilloscope (TBS 1000C Tektronix), ensuring the

fidelity of the signal amplification process.

The substrate was positioned on a silver sheet measuring 61 mm > 61 mm >3 mm,
connected to the ground. This silver sheet, in turn, was affixed to the translation stage with an
interposed insulator, a 3D printed plastic block with the same dimensions and a thickness of 6
mm. The vertical (z-direction) movement of the nozzle was managed via a manual translation
stage (PT1 Thorlabs). This precise control mechanism ensured the optimal positioning of the
nozzle for efficient and high-quality printing outcomes. The nozzle holder was also fabricated

with a 3D printer.

During the printing process, the LC was contained in the glass tip, the specifics of which
will be described in the following part of this chapter. To ensure efficient usage of the material,
only a modest quantity was loaded into the nozzle. A PTFE microbore tubing linked the glass
tip to a 100 ml plastic syringe that functions as an ink reservoir. This plastic syringe was
mounted onto a syringe pump (PHD-70-3009, Harvard apparatus), where its plunger was
designed to move inside the syringe, inducing a push-pull action on the ink within the tubing.
As aresult, the LC ink was successfully drawn from the nozzle, offering a controllable, efficient,

and wastage-minimizing mechanism for the printing process.

A high-speed camera (Phantom V12.1) was used for the visualization of the droplet
formation process with the shadowgraph method. The shadowgraph technique is an elegant
optical method employed to elucidate flow characteristics in transparent media. This approach
capitalizes on refractive index variations within the fluidic environment, which subsequently

results in slight deviations in light direction, thereby engendering observable shadows. In a

37



Printing Techniques for the LC Droplet Optical Elements Chapter 3: Experimental Procedures

typical shadowgraph configuration, a point light source is directed through the fluid medium
of interest. Fluctuations in refractive index, instigated by temperature or density gradients,
precipitate light refraction. The consequential pattern of alternating light and dark regions,
colloquially referred to as "shadows," is then captured by an imaging device - in this context,
the high-speed camera. The utility of this method lies in its ability to offer a granular
visualization of the droplet formation process. The differential light intensities registered by
the high-speed camera correlate directly with the various stages of the LC droplet formation,

providing insights into the EHD printing process.

The components were mounted on a honeycomb-style optical breadboard with a
substantial thickness of 60 mm. This breadboard was positioned on vibration-damping legs,
atop a sturdy wooden laboratory bench, to mitigate any vibrational disturbances that might
potentially interfere with the accuracy of the printing process. Safety was of paramount
consideration in this system. All components were securely attached using plastic sheets that
functioned as insulators, reducing the risk of accidental electrical discharge. Moreover,
complete insulation was applied to all wires, eliminating the possibility of inadvertent electrical
contact and enhancing the overall safety of the experiment. To further bolster the safety
measures, we employed plastic washers for all mounting needs and grounded the optical table
to safely disperse any residual electrical charge. This attention to safety ensured a robust,

reliable, and secure environment for the implementation of our EHD printing process.
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Figure 3.9 The EHD printing system built within the group. All the components used are labelled in the
figure. The printing system comprised of three primary components: the printing module, the visualization
module, and the electric field application module.

3.4.2 EHD Printheads

This EHD printing system employed two primary printheads: a glass capillary nozzle
(TIPLTW1-L, World Precision Instruments) and a metal nozzle, each presenting its distinct
advantages and potential drawbacks. The glass capillary nozzle allows a broad spectrum of
inner diameter selections, enabling substantial versatility in droplet size manipulation. In the
context of this thesis, a diameter of 1 um was utilized. A challenge to consider when using the
glass capillary nozzle, however, lies in its non-conductive nature, necessitating additional
procedures as it must interface with the electric field. Conversely, the metal nozzle offers

inherent conductivity, ensuring a direct, efficient connection to the electric field. However, this
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option presents limitations in the minimum attainable inner diameter, which at 159 pm, exceeds
that of the glass capillary nozzle and consequently results in larger printed LC droplets. The
outer diameter of the metal nozzle was 312 pm. Ultimately, the choice of nozzle depended on
the requirements of the specific application, balancing droplet size, conductivity, and the need

for additional treatment procedures.

As depicted in Figure 3.10(a), we utilized glass capillary nozzles acquired from World
Precision Instruments (TIP1TW1-L) in our printing system. These nozzles possess an internal
diameter (ID) ranging from 0.1 to 10 pm, efficiently catering to a multitude of printing
requirements. For our research, we specifically selected a glass capillary nozzle with an ID of
1 pm. A noteworthy feature of these nozzles is their Luer lock fitting, a standard design feature
enabling integration with a variety of syringe types and barrels. This attribute contributes to

the system's operational flexibility, thus enabling the fulfilment of diverse printing needs.

To render these nozzles compatible with our printing system, we employed an electric
connection treatment, facilitated by copper tape. This configuration is also illustrated in Figure
3.10 (b). The selection of copper tape as a conductive material to assist with the generation of
the electric field was primarily driven by its ease of use and effective performance. Previous
attempts to utilize an evaporation process for coating the glass capillary with a thin layer of
metal proved to be suboptimal. Given the fragility of the glass nozzle, the process often led to
irregular heating, resulting in the destruction of the glass nozzle. Copper tape application,
however, is a straightforward procedure that does not subject the glass capillary to any
significant stress or strain. It involves cutting a small segment of the tape and adhering it to the
exterior of the glass capillary. Following this, a suitable sleeve was selected to fit over the
copper tape-clad glass nozzle. Subsequently, the sleeve ias melted to secure its firm adhesion
to the nozzle, thereby serving a dual role: insulating the nozzle and holding the copper tape in

place. The copper tape wass then linked to a connector using a conductive wire. The final setup
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of the treated glass capillary nozzle is illustrated in Figure 3.10 (c). The glass capillaries exhibit

an outer to inner diameter ratio of 1.33:1, as per the supplier's specifications.
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Figure 3.10 The EHD printing nozzle. (a) a depiction of the glass capillary nozzle, (b) an image showcasing
the printing nozzle covered with copper tape for added functionality, and (c) an illustration of the dimensions
and scale of the glass capillary.

Figure 3.11 shows examples of LC droplets printed utilizing a glass capillary. The
smallest observed droplet diameter approximates to around 1 pm. Nonetheless, an increase in
droplet diameter was observed in specific instances. This variation can be attributed to the
simultaneous deposition of multiple droplets at the same location, or changes in printing
parameters, such as the electric field intensity between the nozzle and the substrate. Figure 3.11
demonstrates the variation in the diameter of LC droplets, all printed using an identical glass
capillary but under varying printing conditions. These observations highlight the capability of

the EHD printing system to easily modulate the diameter of LC droplets.

Shadowgraph images of the printing process involving a glass capillary nozzle are

depicted in Figure 3.12. Even with the aid of a 10<microscope lens, the small diameter of the
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nozzle makes the visualization of Taylor cone formation during the printing process
challenging. The high-speed camera was only partially successful in detecting the printed
droplets deposited on the substrate. Therefore, an alternative approach was adopted to confirm
the efficacy of the printing process. Instead of direct observation of the nozzle, we fine-tuned
the input waveform parameters while translating the printhead over the substrate. Subsequently,
an optical microscope was employed to inspect the morphology of the printed droplets. This
approach proved instrumental in ensuring accurate control over the printing process,
overcoming the observation difficulties imposed by the minuscule nozzle and droplet

dimensions.

oooo.ooocooooooooo

Figure 3.11 Printed LC droplets with different diameters (0.9 um, 1.1 pm, 1.5 pm, 2 um and 3.6 um) printed
using the EHD system.
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Figure 3.12 Shadowgraph image of the EHD printing process with a 1 pm inner diameter glass capillary.
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In terms of the metal nozzle, we selected one with a Luer lock for enhanced system
adaptability, since the system was designed with a holder compatible with the Luer lock
mechanism facilitating easy compatibility with various nozzle types. These metal nozzles are
part of a standardized series, their dimensions specified by a gauge value. According to this
system, a higher gauge value corresponds to smaller inner and outer diameters. Specifically,
we employed a 30G precision general purpose tip boasting an inner diameter of 250 pm and
an outer diameter of 305 pum. Notably, this nozzle demonstrates superior conductivity
compared to its glass capillary counterpart. The same method was employed in terms of
combining copper tape for conductivity and insulator tape for electrical isolation. Figure 3.13
presents the structure of the metal nozzle, including an optical microscope image and a
photograph depicting the nozzle after the electric wire attachment. This arrangement allows for

the interchange of nozzles as per specific printing requirements.

Connector Metal nozzle

Sleeve

(a) (b)

Figure 3.13 (a) Image of the metal nozzle used in the EHD printing process. (b) The metal nozzle viewed
on a microscope with an outer diameter of 305 um. (c) The metal nozzle with electric wire attachment.

Figure 3.14 shows representative shadowgraph images recorded during the printing
process utilizing a metal nozzle. The notably larger diameter of the metal nozzle compared to
the glass capillary enables a clear observation of droplet formation throughout the process.

Initially, the syringe pump propels the material, causing it to protrude from the nozzle and form
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a meniscus at its tip. Following this, a suitably configured electric field was established

between the nozzle and the substrate, inciting the meniscus to undergo morphological changes.

With the sustained application of the voltage, the meniscus distorts into a characteristic
"Taylor cone' shape. The apex of the emerging material becomes progressively narrower. Under
the influence of the electric field, the elongating fluid filament 'grows' towards the glass
substrate, maintaining its shape due to a balance between the applied electric field's force and
the fluid's surface tension. The continuous supply of fluid from the syringe pump sustains this
growth. Upon the removal of the electric field, the majority of the material retracts back into
the nozzle due to surface tension forces overtaking the dissipating electrostatic forces. A
minuscule quantity of the material, however, remains adhered to the glass substrate, forming a
printed LC droplet. This withdrawal and deposition process fine-tunes the droplet's size and
shape, contributing to precise control over the printed droplet characteristics. Therefore, an
understanding of the Taylor cone formation and the interplay between electric and surface
tension forces is critical to manipulating the droplet formation process to meet specific printing

requirements in the device fabrication process.
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Figure 3.14 Example high-speed shadowgraph images of the EHD printing procedure with a metal nozzle.
The distance between the metal nozzle and the substrate is around 500 um. The voltage pulse is applied at

around 2 ms and removed after 3.8 ms.




Printing Techniques for the LC Droplet Optical Elements Chapter 3: Experimental Procedures

3.4.3 Thermal control

As described in Chapter 2, temperature profoundly impacts the LC mixture's state, particularly
its viscosity, a critical parameter in the EHD printing process. Specifically, the employed LC
mixture in this study, E7, undergoes a transition from a nematic phase to an isotropic liquid
phase when the temperature exceeds 60 <TP8l. Consequently, the integration of thermal control

module into the EHD printing system becomes imperative to enhance the system's performance.

The thermal control module primarily involves three components: a cartridge heater (SKU:
C-HEAT-12V 40W Cartridge Heater), a sensor cartridge (SKU: HE-E3D-PT100), and a
controller board (SKU: RAMPS-S-MEGA2560). To ensure efficient heat transfer to the LC
mixture, the module was engineered to heat the nozzle via the cartridge heater. However, this
setup presents a challenge, as the initial nozzle holder was fabricated from plastic to attain
maximal electrical insulation. Consequently, the transition to a metal nozzle holder, given its
superior thermal conductivity, was necessitated. This switch to a metallic holder enabled
efficient and rapid heating of the nozzle, enhancing the EHD printing system's overall

effectiveness and performance.

Constructing the entirety of the nozzle holder from metal, while advantageous from a heat
transfer perspective, invites potential hazards due to the high electric field present in the system.
Thus, it became imperative to minimize this risk by limiting the contact area made of metal to

what is strictly necessary for effective thermal conductivity.

45



Printing Techniques for the LC Droplet Optical Elements Chapter 3: Experimental Procedures

Metal nozzle holder Electric insulator Metal holder

Figure 3.15 The separate components of the optimized nozzle holder. (a) the metal nozzle holder for the
convenient generation of the electric field and the heating transfer. (b) the electric insulator between two
metal holders. (c) the metal holder for the secure positioning of the nozzle.

While a fully plastic composition for the remaining parts of the holder ensures electrical
insulation, it could compromise the mechanical robustness required to stably support the nozzle
holder. This shortcoming could result in severe deformation during the heating process,
adversely affecting the distance between the nozzle and the substrate during printing. Any
changes in this distance could alter the electric field established between them, impacting the
diameter of the printed droplets and ultimately compromising the quality of printing.
Addressing these challenges required a balanced approach. Consequently, the final design of
the nozzle holder comprises three components (Figure 3.15): a metal part that facilitates
excellent thermal conduction; a plastic element serving as an electrical insulator; and a final
metallic component to provide robust mechanical strength. This structure ensures optimal heat
transfer, sufficient electrical isolation, and the necessary structural integrity, mitigating the risk
of deformation during heating that could disrupt the printing process. Figure 3.16 presents an
overview of our optimized thermal control module. This assembly incorporates the cartridge
heater, sensor cartridge, and nozzle, each precisely fitted into the holder. We've tailored this

setup specifically for metal nozzles, as the inherent fragility of glass capillary nozzles and the
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difficulty in inserting them into the small opening of the holder preclude their use. In operation,
both the cartridge heater and the sensor cartridge interface with a central control unit — a
computer-regulated RAMPS 1.4 Controller Board. This vital component of the thermal control
module was responsible for regulating the system's temperature. The interaction between the
controller board, the cartridge heater, and the sensor cartridge formed a feedback control loop
that maintained the nozzle's temperature within a predetermined range. The cartridge heater,
under the control of the RAMPS 1.4 Controller Board, supplied the necessary heat to the nozzle.
Concurrently, the sensor cartridge, functioning as a temperature sensor, monitored the nozzle's
temperature and relayed this data back to the controller board. In this process, the controller
board adjusts the power supply to the cartridge heater, thereby achieving precise temperature
control. This temperature regulation process was pivotal in scenarios demanding temperature
control, such as the transformation from LC phase to isotropic phase — a critical element of

our printing process.

h.
Wl ¥ Cartridge
Printhead ?  heater

Controller
board

Figure 3.16 Photograph of the optimized thermal control module composed of a cartridge heater, a sensor
and a controller board.
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Figure 3.17 presents comparative results of LC droplet printing, both with and without
the integration of the thermal control module. The significant alteration in the diameter of the
printed LC droplets underscores the influential role of the thermal control module. This module
allows EHD printing to produce a wider range of droplet sizes, without necessitating
modifications of other experimental conditions, such as nozzle dimensions or established
printing parameters. Thus, the thermal control module served as a crucial tool for enhancing
the versatility and adaptability of EHD printing system. The initial sequence of printed LC
droplets was produced using the thermal control module, resulting in a diameter of
approximately 125 um. In contrast, the subsequent series, printed without the thermal control
module, exhibited a larger diameter of around 260 pm. Both sequences were printed using the
same metal printing nozzle. The significant change in droplet sizes between the two processes
demonstrates the substantial impact of the thermal control module on the dimensions of printed
LC materials. This capability enables the production of smaller LC droplets without

necessitating alterations to the size of the metal nozzle.

With thermal control (printing at 65 °C)

Without thermal control (printing at 25 °C)

s e~ ~: e

LR P .

+ -
100 pm

Figure 3.17 Printed LC droplets with and without the thermal control module viewed on a microscope with
crossed polarizers. The first row is the printing results with a thermal control module with the diameter of
the printed LC droplets of around 125 um. The second row is the printing results without a thermal control
module with a diameter of approximately 260 um.
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3.4.4 Automatic position control

In our initial setup, we could link two motors to a computer and use the software provided by
Thorlabs to regulate the motion of the translation stage. Despite its capabilities, this approach
primarily facilitated the automatic printing of arrays or the manual crafting of simple patterns.
However, for a more intricate and precise pattern generation, an automated control system was
highly desirable. To address this need, we incorporated AutoCAD software into our setup. The
appeal of AutoCAD lies in its capability to generate .dxf files, a format that defines complex
geometric patterns with high fidelity. These .dxf files can be seamlessly imported into
MATLAB, where a dedicated script reads the file and instructs the translation stage to move

according to the pre-set pattern defined within the file as Figure 3.18 shows.

In the process, MATLAB could read the lines, polygon lines, circles, arcs and points
forming different shapes. By parsing the coordinate information of the vertices, starting points,
endpoints, and radii of these shapes contained in the pattern and storing it, the used Thorlab
motor was then identified and connected by the MATLAB program through its serial number.
The position information stored above was sent to the motor to move it according to the set
pattern. However, due to the movement limitations of our translation stage (12 mm in each
direction), the pattern needs to be designed within a 12 mm ><12 mm square area. This approach
enhances the precision and complexity of patterns that can be generated by our system, marking

a significant upgrade from the manual and semi-automatic methods previously utilized.

Figure 3.18 Printed nematic LC droplets of ‘OXFORD’ characters with the modified automatic position
control in the EHD printing system.
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3.5 Summary

In conclusion, this chapter outlined the essential experimental procedures integral to this thesis,
providing a detailed examination of the preparation and analysis of LC samples, and the
implementation of two key printing technologies—inkjet and EHD printing. The unique
features and capabilities of the two inkjet printing systems, the bespoke system and the
commercial Microfab Jetlabll, have been considered. Furthermore, the construction and
progressive enhancement of an EHD printing system capable of effectively printing LC
droplets has been described. The developments of temperature and positional control modules
have notably extended the capabilities of this system. By detailing these procedures, this
chapter lays the foundation for the ensuing investigation into the innovative applications of

these technologies in the fabrication of optical devices.
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CHAPTER 4: Modelling of Liguid Crystal Printing
Processes

In this chapter, we will delve into the modelling of liquid crystal (LC) printing procedures,
encompassing both the inkjet printing and Electrohydrodynamic (EHD) printing processes,
employing the COMSOL Multiphysics software for simulation and analysis. COMSOL
Multiphysics is a versatile simulation software package designed for modelling complex
physics-based systems across multiple disciplines 9. Its strength lies in its ability to handle
simultaneous interactions of different physical phenomena, enabling realistic modelling of
real-world systems. With modules dedicated to various applications, from acoustics %% to
heat transfer (41 robust geometry creation (7581 and meshing capabilities, it offers a flexible,
tailored approach to diverse simulation needs. Additionally, its interoperability with other
software, parameterized modelling, and optimization capabilities enhances its value for both

academic and industrial settings.

4.1 The COMSOL model

Presented in this chapter is the application of four key modules from the extensive suite within
COMSOL Multiphysics: the Electrostatics, Laminar Flow, Level Set, and Multiphysics
modules. Primarily, the Electrostatics model (%71 a critical component of the Electric Currents
interface, is employed to explore and simulate static electric fields where the charge movement
is typically negligible. This module is indispensable in analyzing components such as
capacitors [274 insulators [">7", MEMS 1881 and electrostatic actuators 82841 and permits
efficient computation of quantities like the electric potential distribution, electric field strength,
and electric displacement. In the thesis, this module is utilized to establish an electric field

between the nozzle and the substrate within the EHD simulation process.
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Secondly, the Laminar Flow module is also used 3-8 which has been designed to model
and scrutinize fluid flow situations characterized by steady, slow flow and low Reynolds
number. This scenario emerges when viscous forces dominate, rendering turbulence negligible.
The module facilitates the analysis of various laminar flow facets, including creeping flows,
Stokes flow, and Hele-Shaw flows. Its applications are diverse, ranging from microfluidic
device design 7% to studying biomedical flows in minuscule blood vessels °°!. In our context,
we deploy this module to categorize the properties of the LC as a fluid and to apply a volume

force.

Following this, the Level Set module is then used [°¥ which is a crucial tool in
COMSOL for monitoring the progression of interfaces, boundaries, or fronts in spatial models,
irrespective of their dimensionality. This proves especially beneficial when the location of the
interface is undefined beforehand. The module caters to problems involving two-phase flow,
phase transitions, and the spread of species, chemicals, or populations. It also affords the
flexibility to combine with other physics models to tackle complex Multiphysics simulations
such as fluid-structure interaction and mass transfer across interfaces. In our case, we employ

this module to define the interface between the LC and air.

Lastly, we incorporate the Multiphysics module 1 a foundational component of
COMSOL, which facilitates the coupling of multiple physical phenomena to emulate real-
world systems with high fidelity. This model supports both predefined Multiphysics interfaces
and user-defined ones, offering flexibility in modelling. The module aids in the resolution of
complex physics scenarios involving not only fluid dynamics, acoustics, electromagnetism,
and heat transfer, but also others. By providing a holistic view of the system under investigation,
it is used across diverse sectors, spanning from bioengineering®®-! and chemical

engineering!®*1%l to geophysics!*®l and microelectronics#1031,
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In this chapter, I implement a unified model of the above to simulate both EHD and inkjet
printing techniques, distinguished only by their initial conditions for the velocity and voltage
pulses used in this study. Within the EHD printing framework, an initial velocity pulse is
deployed, succeeded by a voltage pulse interpreted as a back pressure, a concept elaborated on
in subsequent sections. On the other hand, inkjet printing simulations solely employ a velocity
pulse. This nuanced alteration in the applied initial conditions confers upon our model the
versatility to simulate both EHD and inkjet printing mechanisms. This approach simplifies the
simulation protocol while concurrently broadening the operational scope of our model,

underscoring its wide-ranging utility.

4.2 Simulations of EHD printing of nematic liquid crystals

In this system, an electric field is established between the electrode and the substrate through
the electronics segment, with the capacity to design and modify pulse waves to meet our
specific needs. The fluid characteristics, relating to density and dynamic viscosity, are outlined
within the dimension of the laminar flow module. The Multiphysics module, which
encompasses two-phase flow and the wetted wall, describes the boundary conditions and the

interactions between the two phases (air and the printing material for this project).

To track the gas-liquid interface, the level set method is employed. Various interface
tracing methodologies, such as Volume of Fluid (VOF) (1041061 | evel Set (LS) 071101 Front
Tracking (11112 Phase-field 1131%°1 and coupled Volume-of-Fluid and Level Set method
(VOSET) 1161191 "exist. However, only VOF and LS are supported by COMSOL, with LS
being the method of choice for this simulation. The fundamental concept of LS in COMSOL
is the level set function ¢, which operates as a smoothed step function that holds a value of

zero in one domain and one in another, as illustrated in Figure 4.1.
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O=0

Figure 4.1 Example of the two domains divided by an interface used in the level set method.

The Level Set Model meshes with the chosen shape and each node of the shape will be added

to the following equation,

29 v [eVo—o(lo) —2
" +u- Vo =7V (eV(p p(l—p) |V(p|) (4.1)

where u is the velocity field, y is the reinitialization parameter, and e is the parameter

controlling the interface thickness where ¢ changes smoothly from zero to one.

4.2.1 Simulation process

Our simulation approach draws upon established EHD and inkjet printing models sourced from
the COMSOL application gallery. These models have been examined and refined to construct
our model. In terms of the electrostatic field, our assumption centres on the concentration of
charge at the gas-liquid interface. The dispersion of the electric field can then be represented

by the subsequent equations,

V2v=0 (4.2)
E=—VV (4.3)
V-D =p¢ (4.4)
D=¢¢ E (4.5)
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In the defined simulation parameters, the electric potential is represented by V, the electric
field strength is conveyed by E, the electric displacement field is indicated by D and ps is the
charge density. Furthermore, o0 denotes the vacuum permittivity, and er corresponds to the
permittivity specific to the liquid in question. During our simulation procedures, we have
elected to assign a zero-value electric potential to the substrate, whilst attributing a potential of

Vo to the electrode, a value which remains subject to modification in different conditions.

Embedded within the laminar flow model, the Navier-Stokes equation effectively
characterizes the dynamics of incompressible fluids. This governing equation encapsulates an
array of influential forces; from inertial to pressure forces, from viscous to gravitational forces,

and extends to other extrinsic factors such as the volumetric force,
plu-Vyu=Vv - [—p1+u( Vu+(Vu) 7 ]+F+pg (4.6)

In this context, 'u' represents velocity, which can be defined with differing magnitudes and
forms according to the user's requirements. The term p denotes the density of the fluid, user-
specified to match the real-world conditions of the system under study. The symbol | stands
for the identity matrix, while F signifies the volume force. Given the two-phase nature of the
simulation process, variations in viscosity and density across each discrete mesh element are

accounted for by the following expressions:
p=p1+(p2—p1)¢ (4.7)

p=py+ (U — U (4.8)

In the scenario presented, the overall density is denoted by p, with p1 and p2 representing
the individual densities of the two phases respectively. The total viscosity is represented by g,

while u1 and w2 indicate the respective viscosities of each phase. The value of ¢ fluctuates
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depending on the position within the meshed structure, with particular importance in the

transition area.

Start
No [Yes

Initial parameters
setup

If the Cone-jet model
convergence?

Applied electric

i, Droplet shape calculation
field piet shape ¢ ©

If the Electric field
calculation convergence?

Velocity field
calculation

Electric field
calculation

Equation calculation near
the interface

Figure 4.2 Flow chart of the EHD simulation process.

The simulation procedure is visualized in Figure 4.2, with a rudimentary model depicted
in Figure 4.3 being employed. The initial delineation of parameters, including geometric and
physical attributes needs to be considered in advance. Once these are defined, the module's
geometry was carefully crafted to reflect these parameters, simultaneously establishing the
electric field. Then, in this initial calculation phase, the velocity field was the primary focus,
with the material's initial velocity being applied to simulate the back pressure experienced in
the authentic printing process. As a direct consequence of this, the material was thrust out from
the nozzle, resulting in the formation of a meniscus at its tip. This forms the basis for the
subsequent electric field computation, which ensues only after the velocity calculations have

been performed.
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A unique feature of this simulation is the utilization of adaptive meshing methodology,
capable of accommodating different mesh sizes across varying regions. This nuanced approach
allows for localized refinement of the mesh in areas of key interest, ultimately yielding a
solution of higher precision without unduly burdening the computational resources, which
would be the case with a uniformly fine mesh across the whole computation domain.
Specifically, a finer mesh was deployed in the interfacial area between the liquid and air, a
choice that necessitates a greater computation time. In contrast, for regions predominantly

occupied by air, a coarser mesh suffices.

In recognition of the critical role played by the calculations in the interfacial area, a
convergence check was implemented after these computations. Should convergence remain
elusive, the electric field parameters and mesh sizes were revisited, and tweaked as necessary,
and the calculations repeated until the desired convergence was achieved. This checkpoint sets
the stage for the subsequent step - the evaluation of the droplet shape. A second layer of quality
control was implemented in the form of a convergence test on the cone-jet model. If this fails
to achieve convergence, a similar process of parameter adjustment within the electric field was

initiated, with subsequent steps iteratively repeated until the process in its entirety converges.

E

——Liquid phase

Liquid-gas |~
interface

|7 Gas phase
A

F A Symmetry axis

B: Outlet

C: Ground

D: Electric Potential

B . E:lInlet

|:— C ¥ Calculation boundary

Figure 4.3 The simulation model and the boundary conditions.
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While this simulation process involves myriad adjustments, its strengths lie in its relative speed
and convenience. The boundary conditions associated with this model are documented in Table
4.1. Here, ¢ represents the electrical potential within the electrostatic field. Vo corresponds to

the user-defined initial voltage applied to the electrode, and u signifies the velocity of the liquid.

Table 4.1 Boundary conditions of the electrostatic field and laminar flow field.

Physical field . .
Electrostatic Laminar Flow
boundary

B: outlet Zero charge P=0Pa

C: Ground ®=0(V) u=0(mls)

D: voltage applied @ =V (V) u=0(m/s)
E: inlet D=V (V) u = uo (m/s)

F: Calculation of boundary D=V (V) P=0Pa

Recognizing the highly symmetric nature of our simulation model, we strategically
optimized our computational resources by simulating only half of the model in a 2D format.
This approach effectively curtails simulation time while retaining the model's essential
characteristics. Upon the culmination of the simulation process, the computation results can be
visualized both in 2D and 3D forms. The 2D model, depicted in Figure 4.3, defines distinct
phases and regions for clarity. The dark blue area signifies the LC material, primed for printing
and annotated as the liquid phase within the model. In contrast, the light green region represents
the air, indicated as the gas phase in the model. The figure also marks the interface, the crucial
boundary between the liquid and gas phases. The white segment within the figure represents

the outer wall of the glass nozzle.

In the simulation, we aim to reproduce the dimensions observed in the actual printing

process to ensure a high degree of fidelity. The inner diameter of the glass capillary nozzle in
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the simulation matches the 1 um diameter utilized in practice. Likewise, the distance separating
the tip of the nozzle from the substrate is replicated in the simulation at 11 um. Given an applied
voltage of 0.1 kV, the resulting electric field was approximately 9.1 V/um. In addition, we also
incorporated the material properties of the LC and air into the simulation, as elaborated in
Table 4.2. Since our simulation focuses solely on electrostatics and the liquid laminar flow
field, the critical parameters employed are the density, viscosity, and relative permittivity of
each material, along with the surface tension. These carefully selected parameters ensure our
simulation accurately captures the physical process of our EHD printing process. One thing to
mention is that, in this EHD simulation, a relative permittivity of 18.9 was chosen for the liquid
crystal material. This selection is based on the dielectric properties of liquid crystals, such as
E7, under specific alignment states. During the EHD printing process, the applied electric field
causes the director of E7 to align predominantly along the field direction. Under these
conditions, the relative permittivity should reflect the dielectric constant when the long axis of

the E7 molecules is parallel to the electric field.

For the boundary conditions, specific boundary conditions were assigned to facilitate an
accurate emulation of the actual experimental system. Here, the boundary E is designated as
the inlet, where the source material enters our computational domain, reflecting the real-world
role of the glass capillary nozzle. To replicate the application of a voltage, we apply it to the
upper region of boundary D, simulating the copper tape's function attached to the nozzle with
a certain offset from its tip. Further, boundary C corresponds to the ground terminal in the
electrostatic field, essentially functioning as the reference point for our voltage measurements.
Boundary B is designated as the outlet, serving as the point where the fluid can exit our
computational domain, effectively simulating the fluid's ejection onto the substrate in the
physical process. Lastly, F delineates the computational boundary, enclosing the region under

investigation throughout the simulation process.
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Table 4.2 Simulation parameters.

Parameters Symbols Values Units
Nozzle inner radius r 1 um
Voltage applied Vo 10000 \
Inlet liquid velocity v 15 m/s
Surface tension )4 0.0235 N/m
Density (liquid) pl 827 kg/m®
Density (air) Pa 1.25 kg/m?®
Viscosity (liquid) K 0.252 Pas
Viscosity (air) b 2e” Pas
The thickness of the level-set interface t 1e® m
Relative air permittivity €a 1 [1]
Relative glass permittivity &g 5 [1]
Relative liquid permittivity el 18.9 [1]

Specifically, the simulation progression was predicated upon the careful employment of
velocity and voltage pulses, as illustrated in Figure 4.4. The initiation of the voltage pulse lags

only a few microseconds behind the velocity pulse.

Velocity Pulse

0.1ms 0.15ms

Voltage Pulse

0.2 ms 0.3 ms

Figure 4.4 lllustration of the velocity pulse and the voltage pulse.

4.2.2 Simulation results

Using the aforementioned parameters, the resultant simulation outcomes are depicted in Figure

4.5. The color bar represents the volume fraction of the printed ink, distinguishing between
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liquid crystal and air. Dark red indicates regions dominated by liquid crystal, while blue
represents air. The intermediate colors correspond to varying proportions of liquid crystal and
air, reflecting the gradual transition between the two phases. This visualization is based on the
level set method, which determines the interface between liquid crystal and air by evaluating

their respective volume fractions.

The series of simulation images encapsulates the step-by-step evolution of a liquid meniscus
into a droplet, a key stage under the application of an electric field in the process of EHD
printing. Initially, the model applies a defined inlet velocity, pushing the liquid to exit the
nozzle and subsequently forming a hemispherical meniscus at the nozzle's apex in the
procedure. This meniscus formation is the direct outcome of an intricate balance between the
exerted pressure and the intrinsic surface tension of the liquid. With the application of voltage
between the nozzle and the substrate, the meniscus starts experiencing deformation due to the
influence of the ensuing electrostatic field. This applied electric field competes with the surface
tension, inducing the meniscus to morph into a structure referred to as a ‘Taylor cone'. This
conical configuration is a manifestation of the equilibrium struck between the competing
electric and capillary forces. This simulation procedure models the entire course of the EHD
printing process, capturing the state changes of the liquid under various external conditions.
The similarity of these simulated states with the actual printing process described in Chapter 3
is evident. These similarities highlight that the simulation can serve as a useful reference for

real-world experiments to a certain extent.

Hence, the simulation serves as a powerful tool for exploring the effects of various
parameter adjustments on the printing process. For instance, tweaking parameters like the
strength of the electric field or the distance between the nozzle tip and the substrate can provide

invaluable insights into their respective impact on the printing outcome. By doing so, we can
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use the simulation for decision-making, informed by the understanding of the interplay between

different process parameters.

LI LY LT LY
iﬂ'ﬂ06

0.113ms 0.158 ms 0.181 ms0.203 ms 0.226 ms0.249 ms 0.407 ms

[

Figure 4.5 Simulation of the dynamic evolution of the droplet formation in the EHD printing model. The
colour bar represents the volume fraction of the printed ink which is LC and the air.

4.2.3 Printing parameters

Initial velocity pulse

As previously noted, the initial velocity pulse serves as a surrogate for the back pressure exerted
by the system, thereby implying a higher back pressure in the printing system when associated
with an increased initial velocity pulse. This relationship is illustrated in Figure 4.6, where all
other parameters, encompassing material properties and applied voltage, remain constant while
the initial velocity pulse varies. Here, the top and bottom rows represent the results
corresponding to initial velocity pulses of 1.5 m/s and 2.5 m/s respectively, each for a period
of 0.05 ms. An observation from these results is that a higher initial velocity, signifying
augmented back pressure, results in an enlarged meniscus. This simulates a heightened flow
rate of the liquid that contributes to the meniscus formation. Given the same voltage pulse, the
Taylor cone formed from a larger meniscus exhibits greater volume, leading to an enhanced
ejection of liquid within an identical voltage pulse duration. Interestingly, this phenomenon
does not influence the ultimate radius of the Taylor cone, as no discernible differences were

observed. Such insights provide a valuable framework for determining the amount of back
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pressure to be introduced in a system during practical EHD printing processes, thereby

influencing the efficiency and quality of the print.

'Velocity Pulse

1
! i
; !
; Vin= 1.5 m/s; !
L AT il
time=0. lﬁ 015 ms! 08
| Voltage Pulse i
i I 0.6

'V =10000V;

1. !

e .0;%. VAT 0.4
I. - — : .......... 1 ?
EVclocny Pulse | 0.2
I 1

i i

i Vin = 2.5 nmv/s; ;

gme=0.1-0.15ms; 0

Figure 4.6 The results of the simulation with different initial velocity pulses which are 1.5 m/s and 2.5 m/s.

Applied voltage

During the printing procedure, the voltage applied between the nozzle and the substrate
emerges as a vital parameter that significantly influences the outcome of the printing process.
As elucidated in Figure 2.21 of Chapter 2, the applied electric field must generate a sufficient
Coulomb force to dominate over the surface tension, thus reshaping the meniscus into a Taylor
cone. The necessity for a particular electric field strength is profoundly dependent on the
surface tension. Consequently, given a particular material property, there exists only a
restricted range within which the electric field value can be varied and successful EHD printing
obtained. Under such circumstances, if the applied voltage is insufficient, the ejection of the
material becomes challenging. Conversely, an excessively high voltage may trigger a multi-jet
mode or even cause air breakdown. Therefore, careful regulation of the applied voltage can
bring forth substantial modifications in the printing process, emphasizing the critical role of

this parameter in defining the final outcomes.
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Figure 4.7 illustrates the impact of varying the magnitude of the applied voltage pulse,
with all other simulation parameters held constant. The velocity pulse was set to 1.5 m/s for a
duration of 0.05 ms. In the top row of Figure 4.7, a voltage of 10 kV is applied, spanning a 0.3
ms time frame. Conversely, the bottom row depicts the jetting process under the influence of
an 18 kV applied voltage, also lasting for 0.3 ms. The displayed states at simultaneous time
intervals (0 ms, 0.12 ms, 0.18 ms, 0.19 ms, and so forth up to 0.38 ms) correspond to the same
elapsed time after the application of a voltage in both scenarios. One can discern that given the
identical velocity pulse, a larger initial voltage applied to the meniscus formation results in a
thinner Taylor cone. This outcome can be attributed to the amplified normal Coulomb force
exerted on the Taylor cone with increasing voltage. A comparison of the states at 0.24 ms, 0.27
ms, 0.32 ms, and 0.38 ms under varying voltage reveals that a higher voltage not only results
in a thinner Taylor cone but also promotes a more elongated material ejection, thereby
accelerating droplet formation. In practical printing systems, once the operational voltage has
been ascertained, minor adjustments around this value can be made to optimize printing speed

and achieve desirable diameters for the printed droplets.
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Figure 4.7 The outcomes of the simulations with distinct voltage pulses. Both simulations were conducted
under identical initial velocity pulses, set at 1.5 m/s and sustained for 0.05 ms. The upper row of results
presents the simulation process under the application of a 10 kV voltage pulse, sustained for a duration of
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0.3 ms. In contrast, the lower row portrays the simulation process where an elevated voltage pulse of 18 kV
was applied, also for a duration of 0.3 ms.

The effect of nozzle-electrode distance

Another crucial parameter that can influence the printing process is the distance between the
nozzle and the electrode. However, any alteration in this distance invariably affects the electric
field, making it challenging to discern whether the observed effects result from the distance
variation or the consequent changes in the electric field. Therefore, to isolate the influence of
distance, it becomes imperative to adjust the applied voltage such that the electric field remains
constant. This adjustment ensures any changes in printing can be attributed to the distance
between the nozzle and the electrode alone. To investigate the influence of the distance on the
printing process, it's critical to ensure that the normal (perpendicular) Coulomb force remains

constant, given its dependence on the normal electric field.

The normal electric field near the meniscus has the following relationship with the applied

voltage 201,

— 4U [120]
dnln (8H/dp) (4.9)

Here, E denotes the electric field at the tip of the generated meniscus, U signifies the applied
voltage, dn is the nozzle diameter, and H represents the distance between the nozzle and the
substrate. Figure 4.8 illustrates the relationship between the applied voltage and the nozzle-to-

substrate distance when dn is 1 um and E = 2938.55 V/um.

Figure 4.9 presents simulation results where the distance between the nozzle and the
substrate is varied. The top row shows the results for a distance of 10.2 um, while the bottom
row depicts the scenario when this distance was reduced to 7.2 um. In both simulations, the

initial velocity remained constant at 1.5 m/s and persists for 0.05 ms. To maintain the electric
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field uniformity around the meniscus upon changing the distance, the applied voltage required
readjustment; hence, it decreased from 10 kV to 9.49 kV when the distance shrinks from 102

mm to 72 mm.

It is evident that the shape and diameter of the meniscus remained consistent due to the
unchanged initial velocity pulse and its duration. However, when the voltage was applied, even
with an identical electric field surrounding the newly formed meniscus, the volume of the
ejected material increased as the distance between the nozzle and the substrate decreased. This
occurrence could be attributed to the potential variations in the electric field distribution around
the Taylor cone due to differing nozzle-to-substrate distances. When the gap was narrowed, the
electric field discrepancy between the portion of the meniscus closer to the substrate and the
portion near the tip of the nozzle intensified. Consequently, this appeared to lead to an
amplified material volume being ejected from the nozzle, indicating that a reduced nozzle-to-

substrate distance can result in a larger printed droplet.
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Figure 4.8 The applied voltage U as a function of the nozzle-to-substrate distance H. The simulation
parameters dictate an electric field E of 2938.55 V/um.
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Figure 4.9 Simulations for differing nozzle-to-substrate distances. The top sequence demonstrates a situation
where the inter-gap measures 10.2 mm, with an accompanied voltage input of 10 kV. Contrarily, the lower
sequence illustrates a reduced distance of 7.2 mm, requiring a decreased voltage of 9.49 kV.

The effect of voltage pulse duration

The duration of the voltage pulse applied has a substantial impact on the printing process. This
is demonstrated in Figure 4.10, which shows the printing linked to varying lengths of the
applied voltage pulse while maintaining a steady initial velocity of 1.5 m/s over 0.05 ms. While
the value of the applied voltage pulse remains consistent at 10 kV, the period over which it is
sustained varies. In the illustration, the top row shows the results corresponding to a 0.3 ms
duration of the applied voltage pulse while the bottom row represents the consequences of a
more extended pulse duration of 0.5 ms. Inferences drawn from the simulations show a uniform
initial meniscus for both test scenarios, a result of the unchanging initial velocity pulse. As the
applied voltage pulse prolongs, the meniscus progressively transitions into the shape of a
Taylor cone, ending up noticeably slimmer compared to its state at the conclusion of the shorter
voltage pulse. The extended voltage application results in a more significant quantity of
material being projected. Once the voltage pulse terminates, the jet produced by the lengthier

voltage pulse is considerably extended.
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Figure 4.10 Results of simulations, employing varying durations of the voltage pulse. Both simulations
maintain a consistent initial velocity pulse of 1.5 m/s throughout 0.05 ms. The upper row illustrates the
simulation sequence with an applied voltage pulse of 10 kV sustained over 0.3 ms. Conversely, the lower
row depicts the simulation process where the same 10 kV voltage pulse is extended over a longer duration
of 0.5 ms.

4.3 Simulations of inkjet printing of nematic liquid crystals

The simulation model described in the previous sections can be effectively tailored to replicate
the inkjet printing process by merely adjusting the value of the applied voltage pulse to OV.
The inkjet printing technique employed in this study utilizes a piezoelectric actuator-based
printer. When the piezoelectric actuator inside the nozzle is subjected to an electric field, it
initiates a reciprocal movement that propels the material out of the nozzle. In this context, this
propulsion process is simulated by the application of an initial velocity pulse to the material.

Consequently, the printed material is ejected by the influence of the initial velocity pulse.

Just like in the EHD printing process, at the onset of the printing procedure, the material
forms a meniscus at the nozzle's tip. However, a notable divergence arises in that the velocity
pulse continues to be applied to the material until it is completely ejected from the nozzle,
forming a droplet that eventually detaches from the nozzle material. Figure 4.11 shows the
entire process of inkjet printing. It's important to note that the properties of the material

employed in the inkjet printing process mirror those used in the EHD printing process, which
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in this case, is a nematic LC mixture. The initial velocity pulse introduced in this process has
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Figure 4.11 The inkjet printing process characterized by an initial velocity pulse of 4.5 m/s and persisting
for a duration of 0.5 ms.

In this scenario, the initial velocity pulse stands as the solitary parameter under our control
that can be modified. In the practical application, within the domain of piezoelectric actuator-
driven inkjet printing, the electric signal, used to stimulate the piezoelectric actuator, can be
adjusted. This adjustment allows the piezoelectric actuator to perform a movement with distinct
displacements. Consequently, this variation exerts a significant influence on the printing
procedure, and more specifically on the size of the resultant droplets. To replicate this process,
a corresponding simulation was conducted, keeping all of the parameters constant except for
the initial velocity value, which was set at 3 m/s and maintained for 0.5 ms. The results of this

simulation are depicted in Figure 4.12.

Upon comparison of Figures 4.11 and 4.12, it becomes apparent that an increase in the
initial velocity, while holding the duration constant, leads to a larger volume of material being
ejected from the nozzle. The direct outcome of this is a printed droplet of a larger diameter.
Although these observations may not provide in-depth guidance about how the variation in

electric signal designed to trigger the piezoelectric actuator influences the printing process,
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they nonetheless offer valuable insight into the impact of the piezoelectric actuator's behaviour

on the printing process.

Oms 0.11ms 0.112ms 0.115ms 0.12ms 0.14ms 0.16ms 0.18 ms 021 ms 024 ms 026ms 029 ms 0.4 ms

Figure 4.12 The inkjet printing process, facilitated by an initial velocity pulse of 3 m/s, maintained for a
brief duration of 0.5 ms.

4.4 Summary

In this chapter, | have described the simulation software COMSOL Multiphysics, along with a
walkthrough of the simulation process used in this thesis. The approach harnesses four modules
within COMSOL Multiphysics: Electrostatics, Laminar Flow, Level Set, and Multiphysics. It
is shown that this versatile model can accommodate simulations for both EHD printing and
inkjet printing by adjusting the electric field. The Level Set method was used to delineate the
interface between the nematic LC mixture and air, a critical step for accurately modelling two-
phase flows. In this context, the properties of the liquid, particularly viscosity and surface
tension, exert significant influence on the printing process. For the scope of this chapter, these
properties have been configured based on parameters for liquid crystals, allowing us to

scrutinize the effects of other parameter settings on the printing outcomes.

For our EHD printing simulations, we investigated variables such as liquid flow rate,
applied voltage, nozzle-to-substrate distance, and voltage pulse duration. Our findings revealed
a direct correlation between the diameter of the electrofluid jet and the liquid flow rate, while
an inverse relationship was observed with the applied voltage. Additionally, if the electric field

around the tip of the meniscus remains constant, an increase in the nozzle-to-substrate distance
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results in a reduced material volume being ejected. Conversely, extending the duration of the
voltage pulse leads to an increase in ejected material volume. The insights gained from these

simulations can guide our EHD printing experiments in terms of parameter optimization.

For the inkjet printing simulations, our focus lies on the parameter of the initial velocity
pulse. Our results showed that a higher initial velocity leads to a greater volume of material
being expelled from the nozzle. Therefore, these simulations provide valuable insights for both
EHD and inkjet printing processes, serving as a reference point for parameter adjustments in
real printing operations to achieve desired droplet diameters with different applications. In the
next chapter, this inkjet printing technology will be used in the application of printed LC based

smart windows.
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CHAPTER 5: Printed Polymer Stabilized Chiral
Nematic Liquid Crystal Smart Windows

5.1 Introduction

Smart windows play an important role in managing energy consumption in buildings [*?! and
automotive vehicles, particularly in environments that experience prolonged periods of
extreme temperature conditions 221, These smart window technologies can help to maintain a
comfortable temperature inside both buildings and vehicles whilst at the same time providing
privacy features. Specifically, smart windows can prevent solar radiation from either entering
or escaping the building depending upon the optical properties of the material used within the
window pane 2%, Additionally, spatially patterned smart windows can be fabricated with
additional functionality such as the appearance of company logos/signage *?4 or the integration

of temperature sensors [*2°],

Liquid crystals (LC) have been particularly popular as the functional material used in
smart window technologies because their optical characteristics can be altered either using
applied electric fields or remotely using photo-illumination. The LC films that are typically
employed often belong to one of the following classes: polymer stabilized LCs (PSLC) 261,
polymer dispersed LC (PDLC) B4, or chiral nematic LC (CLC) [*271, Each of these systems can
give rise to a light scattering state or a transparent state depending upon the material
combination, device architecture and electric field conditions. Polymer-stabilization has also
been combined with CLCs (PSCLCs), as first introduced by D.-K. Yang from Kent State

University in 1992 1281,
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A notable benefit of using PSCLCs in comparison to say PDLCs is that they can exhibit
both a conventional mode (whereby the device switches from scattering to a transparent state
with AC electric field) and reverse mode (switching from a transparent to a scattering state) by
simply changing the photopolymerization conditions rather than having to change the LC
material (positive dielectric anisotropy LC for conventional mode [ 12°1 and negative dielectric
anisotropy LC for reverse mode [*30-131), For example, if the PSCLC is photopolymerized while
a voltage of sufficient amplitude is applied to the LC film then it can exhibit an opaque/light
scattering state in the voltage off state. However, when a voltage is applied to the LC, the
helical structure unwinds forming a nematic LC with a homeotropic alignment 1281 which
appears transparent. Alternatively, if the photopolymerization process takes place in the
absence of an applied voltage then the off state is transparent (as determined by the alignment
layer conditions) but the device becomes opaque/scattering when the LC is subjected to an
external voltage. Spatially patterned PSCLCs have also attracted interest for a range of reasons
and are typically patterned with the aid of a photomask [*32, This process has been used to
produce spatial features such as two-dimensional barcodes [*** and temperature indicators [*341,
A drawback of this approach is that a new photomask is required every time the design is
altered or modified. Moreover, achieving a high spatial resolution and complex pattern on-

demand can be challenging.

In this chapter, we first demonstrate the working principle of a PDLC film device, and
then we use Drop-on-demand (DoD) inkjet printing to spatially pattern both PDLCs and
PSCLCs, and employ this technique to demonstrate prototype smart windows with
logos/emblems that can be switched off with the application of an electric field 1?4, A key
limitation using PDLCs with a positive dielectric anisotropy is that they can only be switched
from a scattered state to a transparent state with the applied electric field. However, it would

be highly beneficial if, using a kind of printed formulation, one could select either the
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conventional or reverse-mode functionality by simply changing the photocuring conditions.
Here the development of conventional and reverse mode spatially patterned privacy windows
fabricated using the DoD printing of PSCLC ink is demonstrated. It is shown that printed
patterns can be made to operate in either a conventional or reverse mode configuration
depending upon the photopolymerization conditions. The electro-optical properties of printed
droplets and arrays are presented and compared with those obtained for standard thin films
formed using the same material combinations. Finally, printed PSCLC patterns are presented

that demonstrate how images can be embedded into a PSCLC windowpane.

5.2 Printed PDLC smart windows

The polymerization of polymerizable LC mixtures was carried out using an ultraviolet (UV)
illumination system. The curing conditions including the exposure time and UV power density
were controlled by this system, which influence the resulting properties of the LC film such as
the polymer morphology and electro-optic characteristics. In the first stage of my work, |
worked jointly on a project to print and characterize PDLC inks. The PDLC formulation
contained 60 wt.% of the nematic LC mixture, E7, and 40 wt.% of the Norland Optical
Adhesive (NOAG5). The mixture formulation was first mixed at 60°C and 300 rpm for 48 hours
on a hotplate with a magnetic stirrer. Then the PDLC mixture was filled into a glass cell with
an indium tin oxide (ITO) layer on both sides before it was subsequently UV-cured. The exact

curing conditions are shown in Table 5.1.
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Table 5.1 Photopolymerization conditions for four different samples. Each sample contained the same
mixture formulation (60 wt.% E7 and 40 wt.% NOAG®G5) filled into glass cells that were 5 um thick.

Sample Power Density (mW/cm?) Exposure time (min)
1 0.33 4
2 0.33 10
3 1.8 4
4 1.8 10

To study and compare the effects of curing time and curing intensity separately, the same
mixture was filled into four separate glass cells and either the exposure time was held constant
for different power densities, or the same power density was applied for different exposure
times. The results show that the LC droplet size in the mixture varied according to the curing
conditions (Figure 5.1). The first two columns show polarizing optical microscope images of
the optical texture for different curing conditions with and without the application of an
external voltage. Also shown are photographs of the cells, showing a scattering state with a
voltage off and a clear state with the voltage on. The results indicate that the droplet diameter
decreases with increasing power density and exposure time since both affect the polymerization

rate. This result is similar to that observed in 1%,

In addition to studying the switching of the PDLC films on a polarizing optical microscope,
the electro-optic characteristics of the samples were investigated using the system in Figure
5.2 (a). In this case, a laser was reflected and focused onto the sample by a lens, the light then
passed through the sample before it was received by a photodiode so that the transmitted light
through the PDLC film can be detected. Another lens was then used to focus the scattered light
before it was collected by another photodiode. A modulated ramped waveform shown in Figure
5.2 (b) was used for the measurement. The results presented in Figure 5.2 (c) demonstrate that

with increasing voltage, the transmission increases and reaches a maximum of 100 Vpp. In
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accordance, the scattered light detected by the second photodiode decreased with increasing

voltage.

Sample 1 Voltage Off

U
0:33: mW/cm’-4min. :
'Sam]f;le 2.0 “iVpltage Off

(i.33'mW/c.mi- 10min

Sample 3 Voltage Off

1.8 mW/cm' - 4min

Sample 4 Voltage Off

1.8 mW/cm’- 10min

Voltage On

Figure 5.1 Polarizing optical microscope images and photographs of PDLC devices photopolymerized at
different power densities and exposure times. The two right-hand columns show photographs of the glass
cells containing the PDLC films when switching between a scattering state (voltage off) and a transparent
state (60 Vpp voltage on). The scale bar in the microscope images represents a length of 10 pum.

Another system was developed to detect the scattered light as a function of angle. A

rotation table was fitted with a lens and photodiode so that the scattered light from an angle of

-45°to +45°(Figure 5.3 (a)) could be collected. For each angle, the scattered light received by
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the detector was recorded and the results are presented in Figure 5.3 (b). When there is no
voltage applied, at 02¢he photodiode still receives the highest light intensity but the scattered
light varies with the angle in a similar way in both directions and decreases with increasing
angle, which indicates that the LC droplet's size and distribution in the mixture are relatively
uniformly distributed within the polymer binder. On the other hand, when a voltage is applied,

the range of high intensity light narrows and the majority of the light passes directly through

the device.
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Figure 5.2 (a) Experimental configuration for measuring the transmission and scattering from the PDLC
samples. (b) the waveform used in the measurement. (c) transmission and scattering curve as a function of
voltage for a 12 um PDLC film. The red solid line shows the scattered light captured by the second
photodiode as a function of the applied voltage to the PDLC sample. The black solid line shows the
transmission intensity captured by the first photodiode as a function of the applied voltage to the PDLC
sample. The inset in the figure shows a polarizing optical microscope image of the PDLC sample.

A printed PDLC logo showing the Exeter College crest was fabricated as shown in Figure 5.4.
In the absence of an applied voltage, the patterned LC droplet logo exhibits a scattering
appearance. However, upon the application of a 40 Vpp voltage, the droplet logo transitions to

a transparent state, hence allowing the underlying 'PDLC' background to be seen.
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Figure 5.3 (a) Experimental configuration for measuring the angular dependence of the scattering from the
PDLC samples. (b) the result of the sample without voltage involved. (c) the results of the sample with 90
Vpp and 100 Vpp applied. The two lenses used in this setup have the focal lengths of 200 mm (Lens 1) and
100 mm (Lens 2). The laser is He-Ne laser (JDS Uniphase, 1122P) with a wavelength of 633 nm.
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Figure 5.4 Patterned PDLC logo with (a) 0 VVpp applied and (b) 40 Vpp applied.
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5.3 Printed polymer-stabilized chiral nematic liquid crystals

5.3.1 Experimental methods

The transmission of light through these thin-film samples was investigated using the
experiment configuration presented in Figure 5.5. In this case, a He-Ne laser was focused onto
the sample by a lens to form a spot size of approximately 60 um in diameter, which was then
received by a detector that recorded the intensity of the light transmitted through the PSCLC
film. The detector used to record the intensity was a 4 mm <4 mm photodiode positioned at a
distance of 280 mm from the sample. The collection angle was therefore #7.14 mrad in the x

and y directions (with the propagation being in the z-direction).

i<

He-Ne Laser 2.0 NDF Lens Device Photodiode

Figure 5.5 Experiment for the measurement of the transmission as a function of electric field amplitude and
time for the thin-film and printed droplet devices.

Materials and ink preparation

In this chapter, the room-temperature nematic LC mixture, E7, (obtained from Synthon
Chemicals Ltd) was used without further purification. The ordinary and extraordinary
refractive indices of the nematic LC are reported to be n, = 1.52 and ne = 1.74, respectively, at
a wavelength of 633 nm and a temperature of 20 °C.[**] The high twisting power chiral dopant,
BDH1281 (Merck), was added to the nematic LC at a low concentration by weight (3 wt.%) to
form a chiral nematic LC. A diacrylate reactive mesogen, 1,4-Bis[4-(3-acryloyloxypropyloxy)
benzoyloxy]-2-methylbenzene (RM257 from Synthon Chemicals Ltd) was used in

combination with a photoinitiator, IR819 (Ciba-Geigy) in order to form a polymer network
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inside the chiral nematic LC layer when exposed to UV light. Specifically, the mixture used in
this study was composed of 93.5 wt.% E7, 3 wt.% BDH1281, 3 wt.% RM257, and 0.5 wt.%
IR819. This formulation was thermally and mechanically mixed at a temperature of 68°C with
a magnetic stirrer at a speed of 300 rpm for 24 hours. This temperature was above the clearing
point at which the nematic E7 becomes an isotropic liquid, which is 60°C. The mixture was
found to result in a chiral nematic LC with a right-handed helical structure with a reflection
band with a central wavelength at 859 nm. The pitch of the PSCLC mixture was measured to
be p = 533 nm (from the transmission spectrum of white light in the Grandjean state) and the

helical twisting power (/) of the chiral dopant in this mixture was estimated to be S~ 63 pm™.
Characterization

All samples were observed on an Olympus BX51 polarizing optical microscope in transmission
mode at various magnifications (4>, 10 20x). For the measurement of the transmission and
scattering characteristics, as well as the response times, a He-Ne laser (JDS Uniphase, 1122P)

was used (A = 633 nm) to illuminate the PSCLC samples so that the transmitted light could be

determined. The transmitted light was detected using a photodiode (Thorlabs PDA36A-EC SI
Amplified Detector). In order to generate amplitude modulated (AM) signals to drive the
PSCLC films and printed droplets, two function generators (Multicomp Pro MP750065) were
used in combination, with the output of one connected to the AM input of the other. Finally,
an oscilloscope (Tektronix TDS2004B) was used to capture and display the response recorded

by the photodiode.
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5.3.2 PSCLC thin-film device
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Figure 5.6 Conventional ((a) and (b)) and reverse ((c) and (d)) mode configurations of a 5 um-thick PSCLC
film (93.5 wt% E7, 3 wt% BDH1281, 3 wt% RM257, and 0.5 wt% IR819). In both cases, polymerization
was achieved using a UV light source with an intensity of 27 mW/cm? for 3 min. (a) Illustration of the
conventional mode configuration showing switching from a scattering to a transparent state with the
application of an electric field. (b) Photographs of the conventional mode PSCLC film device without
(scattering) and with (transparent) an applied electric field. (c) Illustration of the reverse mode configuration
showing switching from a transparent to a scattering state with the application of an electric field. (d)
Photographs of the reverse mode PSCLC film device without (transparent) and with (scattering) an applied
electric field.

The thin-film devices were prepared using commercially sourced glass cells (from Instec)
which had two ITO coated glass substrates separated with 5 um-thick glass spacer beads. The
rubbed polyimide alignment layers coated onto the surface of the ITO electrodes were used to
form a Grandjean texture whereby the helical axis of the chiral nematic LC was aligned along
the normal of the glass cells in the absence of an applied electric field. The LC-reactive
mesogen mixture was capillary filled from one side of the cell and wires were attached to the
ITO electrodes to enable the application of an electric field. Figure 5.6 illustrates the switching
mechanism and corresponding optical appearance of the thin-film PSCLC devices operating in

both conventional and reverse modes.
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Figure 5.7 Transmission of a He-Ne laser through LC devices as a function of electric field for (a) the
conventional mode (scattering to clear) PSCLC sample and (b) the reverse mode (clear to scattering) PSCLC
sample. Plots are shown for increasing the electric field amplitude (solid red line) and decreasing the electric
field amplitude (solid black line). Both devices consisted of a 5 um-thick LC layer. Plots (c) and (d) show
the change in transmission as a function of time when the PSCLC device was switched on and off with an
electric field of 6 V/um. (¢) conventional mode and (d) reverse mode device. All measurements were carried
out at a temperature of 25°C.

A plot of the transmission of the laser light from a He-Ne laser through the LC device as
a function of the electric field is shown in Figure 5.7(a) for the conventional mode and Figure
5.7(b) for the reverse mode. Results are shown for both increasing and decreasing the amplitude
of the applied electric field, where various degrees of hysteresis are observed for both the
conventional (Figure 5.7(a)) and reverse (Figure 5.7(b)) mode thin films. For each set of data,
the signal intensity was then normalized to the signal when no device was present in the system,

and then the result was converted to a percentage for plotting.

For the conventional mode, the initial state is the focal conic state since there is no surface
treatment and the whole device shows scattering. When the electric field is gradually applied
to this device, the director tends to align parallel to the electric field. This process occurs when

the electric field is less than 4V/um. When the electric field reaches 4V/um, the helical structure
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disappears, and the director is aligned parallel to the electric field. If the electric field continues
to increase, the transmission of the device does not change since the LC director has already
reached the maximum rotation angle. In this condition, the transmission of the device has
reached the maximum value as shown in Figure 5.7(a). If the electric field is suddenly applied
with a value of 6 V/um, the director needs time to rotate from the helical structure to the
homeotropic state following a two-stage switching process as shown in Figure 5.7(b). In the
first stage, the director tends to unwind from the helical structure before it then aligns according
to the electric field. The whole process will last several microseconds with the applied electric

field of 6 V/um.

For the reverse mode, the initial configuration is in a Grandjean state due to the surface
treatment of the glass cell and light is transmitted through the device [128 1371381 However, there
is still some residual scattering due to imperfections in the alignment of the helical structure.
With increasing amplitude, the electric field disturbs the macroscopic helical structure,
converting it first to a focal conic state which scatters the incident light before reaching
maximum scattering (minimum transmission) at around E = 4V/um. Increasing the amplitude
further results in the electric field becoming strong enough to unwind the macroscopic helix
leading to a homeotropic nematic state and even greater transmission through the device 39,
The electric field needed to reach this state was found to be E = 16 V/um, which was much
higher than that found for the conventional mode (E =4 V/um). This difference in electric field
amplitude is considered to be due to the different initial photopolymerization states for the two

modes.

Figures 5.7(c) and Figure 5.7(d) show response time measurements for both the
conventional mode and reverse mode samples. From these measurements of the change in the
transmission as the device is switched on and off, the rise and fall times can be extracted. For

the conventional mode sample, the rise and fall times are found to be 5 ms and 2.5 ms,
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respectively. For the reverse mode sample, on the other hand, the rise time was found to be 20

ms, which is substantially shorter than the fall time (around 2.2 seconds).

In the electric field on process, the two modes have response times that are roughly
comparable in terms of order of magnitude. However, when the voltage is removed, the two
modes have very different response times. This is because of the different states from which
they must relax when the electric field is removed. For the reverse mode, the focal conic state
must relax into a Grandjean state. This requires macroscopic reorganization, including the
motion of defects, which takes a relatively long period of time. In contrast, for the conventional
mode, when the electric field is removed, the LC only needs to locally form a helix structure
upon relaxing from the homeotropic state. But this structure is gradually disordered (see Figure

5.6(a)). Therefore, the conventional mode is much faster for the electric field off process.

From the plot in Figure 5.7(c), an apparent two-stage switching process appears to take
place, which was also observed for the printed PSCLC. This two-stage switching property was
also observed for an alternative PSCLC mixture with a different LC and chiral dopant (E48
and CB15 respectively) [X. However, the whole switching process for the conventional mode

was relatively fast compared with that of the reverse mode.

5.3.3 PSCLC droplet device

PSCLC droplet device fabrication process

The spatially patterned printed devices were fabricated using ITO coated glass slides (Ossila).
The slides were left untreated for the conventional mode device fabrication. For the reverse
mode devices, which require a Grandjean (standing helix alignment) in the field off state, the
ITO slides were coated with a 5% Polyvinyl Alcohol (PVA) water solution and then dried in
an oven for around 2 minutes to form a thin layer of PVA. A rubbing machine was then used

to align the PVA layer, resulting in a uniform homogeneous alignment of the LC 1491,
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The printing process was accomplished using the Jetlab-I1 printing system (MicroFab
Technologies Inc) as described in Chapter 3.3.2, which includes a three-axis translation stage
and multiple piezoelectric printheads in a heating module (Eurotherm 2408i). The internal
diameter of the printhead’s nozzle used was 80 um (MicroFab MJ-AT-01-80). Backpressure
of the printhead was provided by a computerized pneumatic system and was used to control
the unperturbed liquid meniscus at the nozzle and to ensure that the dispenser was fully filled

with the PSCLC material before printing.

For the printing process, the printhead was heated to a temperature of 68 °C to lower the
viscosity and surface tension of the PSCLC ink, which ensured a stable jetting process without
satellite droplet formation. To observe droplet formation and the printing process, as well as
the impact with the substrates, a camera (Omron Sentech STC-MB33USB 18L0203) integrated
inside the printing system was used. Arrays of single droplets were printed to form recognizable

spatial patterns, for example grids and a logo.

For the conventional mode (scattering to transparent state), the mixture was
photopolymerised in the presence of a voltage of 70 Vrms (corresponding to an electric field
(E) of E =5 Vum™) that forms a polymer network which leads to a scattering state even once
the voltage had been removed. The power density of the UV light (A =365 nm) source (CS2010,
Thorlabs) used to photopolymerize the LC mixture was 27 mW/cm? for 3 minutes [*41), These
photopolymerization conditions were used based upon a previous study, where it was found
that this power density and exposure time results in a desirable scattering state 411, The power
density was monitored with a handheld power meter (PM100D, Thorlabs) attached to a
photodiode (S120VC, Thorlabs). In contrast, for the reverse mode device (transparent to
scattering state), the sample was photopolymerized with the same UV power density and
duration, but with no applied electric field. This resulted in a Grandjean alignment in the

absence of an electric field after fabrication. All steps up to the photopolymerization process
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were carried out under the illumination of yellow light to prevent premature photoinduced

polymerization.
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Figure 5.8 (a) Inkjet printing process of the PSCLC mixture (93.5 wt% E7, 3 wt% BDH1281, 3 wt% RM257,
and 0.5 wt% IR819). (b) Shadowgraph images of the PSCLC droplet formation process with an 80 pm
diameter print-head. For the printing process the print-head was held at a temperature of 68 °C to reduce the
viscosity and surface tension of the LC ink. (c) Illlustration of the device fabrication process including: (i)
droplets loaded onto the substrate, (ii) attachment of spacers, (iii) attachment of the top ITO glass slide and
photopolymerization process.

Figure 5.8 shows the printing and device assembly processes in detail. Figure 5.8(a)
shows an illustration of the deposition of individual picolitre volume droplets onto ITO-coated
glass substrate using the DoD printing process with a piezoelectric-driven print head and Figure
5.8(b) shows a sequence of shadowgraph images demonstrating the printing of individual
PSCLC droplets that are free from jet break-up and satellite formation. After printing, two

spacers (10um) were attached to the edge of the substrate before another ITO glass slide was

applied to form a top substrate (as illustrated in Figure 5.8(c)). The araldite rapid epoxy
adhesive was then used to fasten the glass slides together before the device was cured with UV
light under different electric field conditions for the conventional and reverse modes. In this
fabrication process, although the spacer has a thickness of 10 um, the entire device is clamped
using clips. Both the thickness of the spacer and the clamping force exerted by the clips
contribute to the final thickness of the device. As a result, the device fabricated with the 10 ym

spacer ultimately has a measured thickness of 14 pm.
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Conventional mode printed PSCLC droplet device

For the conventional mode sample, the PSCLC was photopolymerized in the presence of an
electric field above the critical electric field required for the chiral nematic-nematic transition
to occur. After the photopolymerization process, and when the field was subsequently removed,
the film tends to form a scattering state. To obtain a transparent state, an electric field of E =6
V/um was applied to unwind the helix and to form a homeotropic nematic alignment whereby
the director was aligned along the electric field direction. For this conventional mode sample,
the mixture is then in a focal conic state in the field-off configuration because the polymer
network favours the homeotropic state, which prevents the Grandjean alignment from forming.

Only when an electric field of sufficient amplitude is reapplied will it become transparent again.

Figure 5.9 presents the results of the electro-optical properties of a single printed PSCLC
droplet operating in the conventional mode. For the conventional mode, with increasing field
amplitude the focal conic (scattering) state switches to a homeotropic nematic LC resulting in
a transparent state. The transmission as a function of electric field and time was obtained with
the experimental setup presented in Figure 5.5. The diameter of the droplet footprint in the
printed case was =190 microns and the thickness of the device was =14 um. Figure 5.9(a)
shows representative polarizing optical microscope images of a printed PSCLC droplet
between parallel polarizers for different electric field amplitudes. In the absence of an applied
field, the printed droplet adopted a focal conic state, scattering the light and leading to a dark

appearance when viewed in the microscope.

When the electric field was increased to E =5 V/um, the helical structure began to unwind
as the director inside the droplet aligned with the electric field direction. In all cases, a ring was
observed around the droplet that still scattered the light in spite of the applied electric field.

This is due to the refraction/reflection of the light at the edge of the droplet, resulting in strong
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scattering. This effect is illustrated in Figure 5.10. Additionally, due to the combined effects
of surface alignment and surface tension at the edge of the droplet device, the LC director
exhibits some degree of disorder, lacking a regular alignment in this region. This irregularity
contributes to the observed dark ring at the edge of the droplet. A line scan taken through the
droplet in the microscope images was then used to extract the transmitted intensity for a single
printed droplet as the field was increased (Figure 5.9(b)). With increasing field amplitude, it
can be seen that the transmission in the circular area that is defined by the droplet increases.
For electric field amplitudes ranging from E = 0 to 4.3 V/um, the transmission remained low,
and there was only a small change in the PSCLC configuration for this range of electric field
amplitudes. However, upon increasing the amplitude to E = 4.6 V/um there was a noticeable
change in the transmission intensity (as can be seen in both (a) and (b)). For a further increase
in the electric field amplitude (E > 5 V/um) the transmitted intensity across the droplet did not

change significantly as can be seen in Figure 5.9(b) (e.g., from E =5 V/um to 5.7 V/um).
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Figure 5.9 Electro-optic characteristics of a printed PSCLC droplet (93.5 wt% E7, 3 wt% BDH1281, 3 wt%
RM257, and 0.5 wt% IR819) operating in the conventional mode (scattering to transparent). The droplet was
printed at a temperature of 68 °C with an 80 um diameter nozzle and photopolymerized in the presence of
an electric field of E =5 V/um at 25°C. The droplet diameter footprint was 190 um (after device assembly)
and the gap between the glass substrates was 14 um. (a) Polarizing optical microscope images of a printed
PSCLC droplet observed between parallel polarizers (indicated by the single-headed black arrows). (b) Line
profile of a single printed PSCLC droplet at different electric field amplitudes. (c) Transmission of a He-Ne
laser through the printed PSCLC droplet as a function of electric field (for both increasing (red line) and
decreasing (black line) amplitudes). Change in transmission as a function of time when the PSCLC droplet
was switched on (d) and then off (e) with an electric field of E = 5 V/um. All measurements were carried

out at a temperature of 25°C.
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Figure 5.10 Illustration of the formation of a black ring around the printed droplets due to scattering at the
edges of the droplet.

89



Printing Techniques for the LC Droplet Optical Elements Chapter 5: PSCLC Smart window

Figure 5.9(c) shows the results for the transmitted light intensity as a function of the
electric field for both increasing and decreasing amplitude. Here an amplitude modulated signal
was applied to the printed PSCLC droplet device to slowly increase the amplitude of the 1 kHz
continuous square wave carrier signal. Upon increasing the amplitude of the electric field no
change was observed until the amplitude reached approximately E = 3.8 V/um. Above this
value, the transmission increased steeply with a further change in the electric field amplitude,
before it increased more gradually above E = 4.7 V/um corresponding to an unwinding of the
helix and the chiral nematic-nematic transition. These results are consistent with the results
recorded on the microscope (Figure 5.9(a)) since they both showed a transparent state when
the electric field was greater than 4.6 V/um. Compared with the transmission of the transparent
state of the film device (86%, Figure 5.7(a)), the field-on homeotropic state transmission was
found to be around 10% lower for the printed droplet device (76%). This is mainly due to the
influence of device thickness, but it may also be due to scattering at the edges of the droplets,
as well as potentially lower quality alignment in the printed droplets. For the data taken with a
microscope (Figure 5.9 (b)) the higher numerical aperture of the condenser and objective will
also have an influence. However, for the droplet device, the contrast ratio (CR) improves by
nearly a factor of five — being CR = 3.2 for the film device whereas CR = 15.3 for the printed
droplet device. This is because the droplet device was much thicker than the film device, which

then resulted in a strong scattering state when there was no electric field applied.

Decreasing the electric field amplitude reveals that the transmission begins to decrease at
an electric field of E =4.3 V/um as the helix begins to reform, and the onset of scattering begins.
At an electric field of E = 3.7 V/um, the transmission reached its minimum value as the focal
conic scattering state had been reformed. The results clearly show a degree of hysteresis in the
switching when comparing the response for increasing and decreasing the magnitude of the

applied electric field. For example, the transmission is midway between its maximum and

90



Printing Techniques for the LC Droplet Optical Elements Chapter 5: PSCLC Smart window

minimum values at E = 4.2 V/um on increasing the electric field amplitude, but this same value
for the transmission was observed at E = 3.8 V/um on decreasing the electric field amplitude.
Hysteresis in the transmission was therefore observed when increasing and decreasing the field

in accordance with previous studies [14214%1,

Figures 5.9(d) and 5.9(e) show the rise (scattering to transparent) and fall (transparent to
scattering) times for the printed PSCLC droplet, respectively. These results were obtained
when the printed droplet was subjected to a square wave signal with a 1 kHz frequency and an
electric field of 5 V/um, which as shown in Figures 5.9(a)-(c) resulted in the printed droplet
becoming transparent. Here the rise time was found to take around 4 ms whereas the fall time
was completed in approximately 2 ms. These response times are consistent with those obtained
for equivalent thin film devices, which were 5 ms for the electric field on and 2.5 ms for the
field off (as shown in Figure 5.7). In Figure 5.9(d) it can be seen that a two-stage switching
process takes place. In the first stage, the helix is distorted when a voltage is applied, which is
a relatively fast process. In the second stage, however, the director needs to unwind from the
helix state to form a homeotropic nematic alignment, which takes a relatively long time in
comparison. A similar two-stage switching process was observed in the thin-film device (as

shown in Figure 5.7(c)).

The results obtained here are within the range of switching times observed by other
researchers, although there is very substantial variation in the switching times of polymer
stabilized chiral LC devices reported previously, which range from tens of s [144-1451 to tens of
ms [128. 1461 for the rise time and tens of us #"1to tens of ms [*47] for the fall time. The response
time is highly influenced by the ratio of effective viscosity to the effective elastic constant of
the LC host and chiral dopant, as well as the pitch [248], Shorter pitch chiral nematic LC mixtures
could result in faster response times. Additionally, the cell gap also influences the response

time since in thicker cells, where there is a larger number of chiral pitches across the cell, more
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time is needed to transfer from one state to another. Further, the polymer network density,
morphology, and elasticity, will also strongly influence switching times. Importantly, the thin-
film device and the printed droplet device developed here exhibited similar electro-optic
characteristics which indicate that the DoD printing fabrication process did not compromise or

significantly alter the switching behaviour.
Printed reverse mode PSCLC droplet device

For the printed PSCLC device photopolymerized without the application of an electric field,
on the other hand, a Grandjean texture (standing helix alignment) is obtained at E = 0 V/um.
However, when an electric field of sufficient amplitude is subsequently applied the mixture
transforms to a focal conic state, resulting in strong light scattering. This is called the reverse
mode. If the electric field is then removed, the LC will relax back to the planar aligned
(Grandjean) state, which appears transparent as long as the reflection band of the chiral nematic

does not coincide with visible wavelengths, as is true for our samples.
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Figure 5.11 Electro-optic characteristics of a printed single PSCLC droplet (93.5 wt% E7, 3 wt% BDH1281,
3 wt% RM257, and 0.5 wt% IR819) operating in the reverse mode (transparent to scattering). The droplet
was printed at a temperature of 68 °C and photopolymerized without an applied electric field at a temperature
of 25°C. The droplet diameter was 205 pm (after device assembly) and the gap between the glass substrates
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was 13 um. (a) Polarizing optical microscope images of a printed PSCLC droplet viewed with parallel
polarizers (indicated by the single-headed black arrows). (b) Transmission of a He-Ne laser through the
PSCLC droplet as a function of the applied electric field amplitude (upon increasing (red line) and decreasing
(black line) the amplitude). The change in transmission through the printed PSCLC droplet as a function of
time when the PSCLC droplet was switched on (c) and then off (d) with an electric field of E =4 V/um. All
measurements were carried out at a temperature of 25°C.

Results for the electro-optic characteristics of a printed reverse mode PSCLC droplet
device are presented in Figure 5.11. Figure 5.11(a) shows example microscope images of a
printed reverse mode PSCLC droplet viewed between parallel polarizers for a range of different
electric field amplitudes. The droplet footprint diameter in this case was 205 pum and the cell
gap was 13 um. The images show that with an increase in the electric field, the printed PSCLC
droplet changed from a coloured, polydomain Grandjean texture to a state that appears dark in
the centre of the droplet at E = 1.6 V/um. However, it was found that there was a thin region
around the circumference of the droplet which did not appear to change at this electric field
amplitude. A further increase in the electric field resulted in the central region of the droplet
becoming darker, which was also accompanied by a change in the appearance of the outer ring,
with the droplet appearing completely black at around E = 4.0 V/um. This dark appearance is
due to the incident light being strongly scattered by the droplet as well as the out of order LC
director alignment in this region. As for the conventional mode, there was no apparent change

in the droplet dimensions with the application of the electric field.

For the printed droplet, the Grandjean state was found to have more disclinations and
defects when compared with an analogous thin film device. Despite the presence of these
disclinations, the droplets still exhibited a relatively good contrast between the initial
transparent state (E = 0 V/um) and the scattering state (E = 4.0 V/um). The disclinations that
are observed are due to the imperfect alignment of the LC director in the Grandjean state. The
texture can be further improved by optimizing the substrate treatment and/or the alignment

layer. In future commercial applications, it will be possible to use more optimized alignment
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processes and hence reduce the influence of disclinations and defects on device performance.
Additionally, it can be noted that some regions near the droplet edge do not switch fully. This
different behaviour at the droplet edge may also be due to some variation in the network
formation in this area. The shape of the final droplet is controlled by capillary effects. Light
will potentially refract/reflect multiple times at the edges of the droplet, resulting in strong
scattering as illustrated in Figure 5.10 which appears as a black ring even when an electric field
is applied. This refraction/reflection at the edges of the droplet may also lead to some
nonuniformity in the network formation around the edges of the droplets during the UV curing

process.

Again, hysteresis was observed upon increasing and decreasing the electric field amplitude
(see Figure 5.11(b)). These results were obtained by slowly increasing the amplitude of a 1
kHz square wave carrier until it reached a maximum of E = 4.6 V/um. As the electric field
amplitude increased, the Grandjean texture was distorted by the application of the field which
resulted in the growth and formation of a focal conic state, as seen by the transparent to
scattering transition. In contrast to the thin-film device, the lowest transmission value was
observed at an electric field amplitude of around E =4 V/um, which is slightly lower than that
observed for the thin-film device. A further increase in the electric field leads to an unwinding
of the helical structure as the strength of the field dominates over the twist induced by chirality,
forming a second transmission state above the critical unwinding field. This phenomenon is
much more obvious in the results presented for the thin-film device as shown in Figure 5.7(b)
whereby the transmission begins to increase for field amplitudes above E = 5.4 V/pm. It is
worth noting that this second transmission state is surplus to requirements for smart window
applications. The highest transmission recorded was found to be ~62%, which is around 10%
lower than for the film device operating in the same mode (70%, Figure 5.7). This is due to the

thickness of the PSCLC layer combined with the imperfect alignment of the droplet in the
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Grandjean state. Different droplets may have some variation in texture, leading to some
droplet-to-droplet variation in optical properties. The printed droplet device also shows a higher

contrast ratio compared with the film device because of the influence of the thickness.

The response times for the printed reverse mode PSCLC droplet device were measured
when a 1 kHz frequency square wave with an amplitude of E = 4.0 V/um was applied across
the printed PSCLC droplet and subsequently removed. Figures 5.11(c) and (d) show the rise
time (transparent to scattering) and the fall time (scattering to transparent), respectively. In this
case, the response time for the field on process was found to be 10 ms, but approximately 400

seconds for the field off process.

The dynamic response times recorded here for the field off process are notably different
from those recorded for the thin film device (Figure 5.7). One possible reason might be that the
printed droplet device was much thicker (by approximately a factor of three) than the thin-film
device. The factors that govern the restoration of the standing helix configuration are the
surface alignment conditions and the polymer network that was formed in the Grandjean state.
Consequently, it is expected that thicker devices result in a slower relaxation process in terms

of the recovery of a uniform Grandjean state upon removal of the applied electric field.

Overall, for the reverse mode device, the LC mixture needs to be pre-aligned by the surface
alignment to form the Grandjean state. However, in the conventional mode the LC mixture
does not require any pre-alignment. In the transparent state, the reverse mode device is in the
Grandjean state whereby the LC director aligns parallel to the substrate. Therefore, the
transmission of the device in this state highly depends on the alignment of the LC director. On
the other hand, for the LC device operating in the conventional mode, the transparent state

occurs when the voltage is applied, which forces the LC director to be perpendicular to the
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substrate. This means that the different states of the LC director then result in some difference

in the behaviour of the transmittance.

5.3.4 Printed PSCLC arrays and prototype windows

After successfully identifying the conditions for printing droplets of a PSCLC mixture and
characterizing their electro-optic properties, spatial features such as arrays can be printed by
digitally printing multiple droplets across the substrate. Utilizing the aforementioned
methodology, it is feasible to harness identical materials for the implementation of dual
modalities in the smart window configuration, as depicted in Figure 5.12. In the absence of an
electric field, the display defaults to its conventional mode, exhibiting the 'LC' characters.
Conversely, upon the application of voltage, the system transitions to its reverse mode,

revealing the 'SMP' characters.

LC _SMP}
‘ 4

Voltage off

Voltage on

Figure 5.12 The printed smart window's functionality is demonstrated across two distinct states. In the
conventional, or reverse mode, which occurs in the absence of an applied voltage, the 'LC' (Liquid Crystal)
character is prominently displayed. Conversely, upon the application of an electrical potential, the device
transitions into the reverse mode, during which the 'SMP' (Shape Memory Polymer) character is manifested.

Patterning was achieved using the scripting language provided by the Jetlab-11 printing
system, which can generate arrays and circles, as well as print representations of raster images.

Such a system could therefore print customized logos, signs or text. Here we show a window
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with the letters 'LC' (Figure 5.13(a)) operating in the conventional mode The device was
fabricated with the same PSCLC ink formulation and the same printing parameters as shown
for the single droplet case in Figure 5.9, and the cell gap was 10 um. It can be clearly seen that
the printed droplets scatter light when there is no voltage applied, and so the letters can be seen,
while for an applied electric field the droplets become transparent and the letters disappear.
Using the same printing parameters, a square array of 25 x 25 droplets was printed on
polyimide-coated ITO glass slides and photopolymerized without any electric field to create a
reverse mode sample. The results are shown in Figure 5.13(b). The cell gap in this case was 8

um.

Some regions show variation in droplet sizes in Figure 5.13. This is caused by the top
electrode assembly process, when the two electrodes are brought together with a certain amount
of pressure, resulting in slight non-uniformities and unevenness which can cause some of the
droplets to merge together. In a commercial process, this can be improved by using a highly
uniform distributed pressure for the assembly process, together with distributed spacer beads
to lead to very well-regulated cell gap control. These combined results indicate that this mixture
and the density of the droplets are suitable for a switchable design. Additionally, the printing
process can be automatically controlled, and the patterns can be printed in different designs.
Using commercial printing processes, this can be further developed to produce large-area

switchable patterns and images.

The inkjet printing of a PSCLC mixture for the fabrication of smart windows could
achieve that by undergoing both conventional mode and reverse mode switching. The benefit
of printing such windows lies in the flexibility in the design, which can produce intricate
patterns/logos with excellent print resolution. These printed smart windows are particularly

suited to modern architectural design features where they can serve the purpose of being both
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aesthetically pleasing and energy-saving by controlling the amount of light that is transmitted

into or out of a building.
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Figure 5.13 Printed patterns and arrays of PSCLC droplets (93.5 wt% E7, 3 wt% BDH1281, 3 wt% RM257,
and 0.5 wt% IR819) operating in (a) conventional mode and (b) reverse mode. The droplets were printed at
a temperature of 68 °C with an 80 pm nozzle and photopolymerized at 25°C with an electric field of E =5
V/um for (a) and without an electric field for (b). The cell gap of the two devices was 10 um (conventional
mode) and 8 um (reverse mode). The droplet diameters were all approximately 110 pm. These figures were
taken indoors under ambient lighting conditions, with a dark background as the backdrop.

5.4 Summary

In this chapter, | have demonstrated the functionality of printed liquid crystal smart windows
and discussed the advantages of employing inkjet printing technology over conventional film
devices. Initially, a PDLC film-based smart window was presented, which remained in a light
scattering state in the absence of a voltage and becomes transparent upon suitable voltage
application. In this case, the benefits of printing are demonstrated through the creation of a

College crest that can be made to appear or disappear with the application of a voltage.

Drop-on-demand inkjet printing was then used to fabricate polymer-stabilized chiral
nematic liquid crystal (PSCLC) privacy windows that can be made to operate in either a
scattering to transparent (conventional) or transparent to scattering (reverse) mode by changing
the photopolymerization conditions. On the whole, the electro-optic characteristics observed
for the printed droplets operating in either mode were found to be comparable to those recorded
for the corresponding thin film devices. One key difference was that the fall-time of the printed
reverse mode droplets was significantly longer than that recorded for the thin-film devices; this
is believed to be due to the difference in the thickness of the printed droplet and thin-film

devices.
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Printed arrays of PSCLC droplets provide complete freedom of design in terms of the
patterning that can be achieved, and this has been used to fabricate demonstrative panels
operating in either mode. Specifically, in this work, we used printed alphanumeric characters
to demonstrate that they can be made to disappear with the application of an electric field for
the conventional mode and that a printed square array can be made to appear with an electric
field for the case of the reverse mode. The approach presented in this work could have the
potential ability to provide a route towards the fabrication of versatile and bespoke panels that
can display images and signage without the need for photomasks and complex lithography

processes.
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CHAPTER 6 Printed Liquid Crystal Optical Vortex
Beam Generators

6.1 Introduction

An optical vortex beam is a type of optical light beam that exhibits a number of remarkable
features including helical phase fronts, a region of zero intensity at the centre of the beam, and
orbital angular momentum. These unique characteristics have meant that vortex beams can play
an important role in a wide gamut of applications such as optical tweezers*4-15  optical
communicationst*521%81 quantum  entanglement!*>1%1  nanotechnology™®, nonlinear
optics™71%°  optical machining™®, astronomy™®  microscopy and imaging62-164,
biomedicine and chemistry!*%5-1681 and metrology!*®). These diverse applications have
therefore demanded the development of methods with which to generate optical vortex beams.
The essence of generating a vortex beam is based upon changing the phase of the input light
into one that represents a helical structure. This process can be realized in a number of ways
including by using spiral phase plates!*%8-170  diffractive optical elements(’*172 computer-
generated holograms*®171 segmented deformable mirrorst*’6-1771 nanostructured glass
plates’®l spatial light modulatorsi*’®18  mode converters®181  helical mirrors!i84,

dielectric wedges!*®!, and metasurfaces!*8-188],

Liquid crystals (LCs) are a desirable medium for vortex beam generation as they exhibit
a natural birefringence, can form complex spatial profiles of the retardance and thus the
resulting optical phase, and their internal structure (i.e., the director) and thus the optical
properties can be tuned by an applied voltage. Previous demonstrations of vortex beam
generation using LCs have included the formation of inhomogeneously aligned nematic LC

such as g-platest*®®-1%and LC droplets dispersed in other medial*®®-1°that form vortex beams
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with different topological charges. Additionally, umbilics™®® 1921 formed inside LC cell as well

as homeotropic LC light valves (LCLV)[%: 1% have also been shown to form similar structures.

Distinct variants of LC-based vortex beam generators utilize a common operational
principle, which involves exploiting the inherent birefringence of LCs. This principle enables
the modification of the phase distribution of an incoming Gaussian light beam, facilitating its
conversion into a vortex beam. Despite the similarity in operational mechanism, these
generators exhibit considerable disparities in terms of their fabrication processes, particularly
with respect to their levels of intricacy and the supplemental materials needed for their

construction.

6.1.1 Q-plate type LC-based vortex beam generator

In the fabrication process of the aforementioned LC-based g-plates, key steps include the
utilization of various polarization-sensitive alignment techniques, such as those involving azo
dye or SD1, to form the LC director alignment with specific topological charges, or the
employment of multiple LC-based bit cells with electronic regulationt*® for controlled
distribution of the LC director. With these approaches, a range of experimental processes have
been adopted, such as the integration of sectoral photoalignment™, with the capability to form
intricate light field distributions characterized by a controlled quantity of singularities.
Alternatively, other research studies have opted for more straightforward photoalignment

methodologies!'®®, each tailored to the specific requirements.
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Figure 6.1 (a—c) Examples of LC patterns possessing distinct topological charges, accompanied by
photographs of the corresponding samples as observed under crossed polarizers. (d—f) CCD images capture
the intensity beam profile, which are generated by the g-plates depicted in (a—c) when they undergo tuning.
Both circularly polarized (top) and linearly polarized (middle) input beam polarizations are represented.
Additionally, the corresponding interference patterns with a plane wave are included (bottom). (%I
Reproduced from ref 191, with permission of Optica Publishing Group. © 2011 Optica Publishing Group.

Figure 6.1 illustrates an application of photoalignment technology to orient the LC
director according to specific patterns, as depicted in sections (a-c), each corresponding to a
unique topological number. When light passes through these LC configurations, its phase
undergoes a modification characterized by different rotational transformations, determined by
the topological number. As observed under crossed polarizers, the LC director distribution
leads to a rotation of alternating bright and dark stripes, a phenomenon visibly captured in
Figure 6.1. The transmitted far-field patterns through the LC-based g-plate are detailed in
sections (d-f), each corresponding to a distinct topological number. As a result of this process,
the emergent vortex beam displays a characteristic donut-shaped intensity distribution,
indicating a direct relationship between the LC director alignment and the resultant beam

profile.

Figure 6.2 presents an example of an adjustable g-plate system with n-bits order, a
sophisticated design that allows specific optical functionality. For this system, each bit is
composed of an LC-based g-plate coupled with a conventional LC-based wave plate. The

working principle is centred around the controllability of the phase delay within the LC devices,
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an aspect that can be manipulated by externally applied voltage. In details, if both the LC-based
g-plate and the conventional LC-based wave plate is in full-wave condition, this bit cell won’t
change the state of the input light. And if both of the component in half-wave state, this cell bit
will then modulate the input light. This control over the phase delay, in turn, determines
whether or not the beam modulation occurs and can be selectively governed by the electronic
bit units within the system. The order of the g-plate, which is crucial in the formation of vortex
beams, can thus be tuned by activating specific bit units. Consequently, this mechanism enables
the generation of vortex beams with varied topological numbers, providing a versatile tool for

tailoring complex optical fields.

Figure 6.2 A schematic diagram illustrating the system of an adjustable g-plate with n-bits order. %4
Reproduced from ref 19, with permission of Optica Publishing Group. © 2019 Optica Publishing Group.

In general, the g-plate type of vortex beam generator offers the capability to generate
vortex beams with various topological numbers. However, this method often necessitates the
use of alignment layers such as SD1. Additionally, the implementation of photoalignment
equipment or a complex bit voltage control system is required. As a consequence, the
fabrication process can be intricate and laborious, or alternatively, the operational mechanism

itself may present significant complexity.

6.1.2 LC-based grating vortex beam generator

Vortex beam production can be achieved using a particular grating configuration within the LC
layer, a method employed in a range of photonic applications. The two chief gratings used for

this function are fork gratings [*%land Dammann gratings™*®”l. Fork gratings form a unique

103



Printing Techniques for the LC Droplet Optical Elements Chapter 6: LC Optical Vortex Beam Generator

diffraction pattern featuring anomalies situated at the beam's core, facilitating the formation of
spiral phase contours vital for vortex beams. For the LC fork gratings, the fundamental
principle lies in manipulating the LC director to emulate a hologram pattern resembling a fork,

as illustrated in Figure 6.3.

At the dislocation within the centre of the LC layer, a phase dislocation occurs, thereby
imparting a helical phase profile to the transmitted or reflected light. This results in the
generation of a vortex beam. The fabrication process to achieve this can be implemented
through various methods. Initially, a computer-generated hologram is created, as depicted in
Figure 6.3. After this step, different techniques can be applied to utilize this hologram in
controlling the LC director. One such approach is akin to the method used in g-plates, involving
the alignment of SD1 according to the computer-generated pattern through photolithography
to form the LC director's alignment layer*®8l. This shares a comparable situation with the g-

plate, in that the fabrication process is somewhat intricate.

Alternatively, the hologram pattern can be transmuted into a corresponding pattern of ITO
electrodes through a process involving photolithography and wet etching. With the application
of a voltage to the patterned electrode, the LC director can be controlled to adopt the desired
arrangement (11, This method offers the advantage of eliminating the need for a patterned
alignment layer, thus reducing potential defects caused by such layers. The desired
arrangement of the LC director can also be achieved by adding azo dyes, such as methyl red
(MR), to the LC mixture. The MR molecules will deflect under light exposure, subsequently
influencing the orientation of the LC director. By transmitting light through a mask made using
the computer-generated hologram, the required LC director configuration can be obtained?%l,
This technique centralizes most of the fabrication process on the creation of the mask, making

it more suitable for applications that involve repetitive device production.
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ol

Figure 6.3 Computer-generated holograms with a topological charge of 1 (a) and 2 (b) [*°* Reproduced from
ref (1981 with permission of John Wiley and Sons. © 2013 John Wiley and Sons. All rights reserved.

For the Dammann grating-based vortex beam generator, the capability to generate an
optical array with equal energy distribution across its diffraction orders sets it apart. The
fabrication process shares similarities with the previously described LC fork grating vortex
beam generator. Specifically, it can be manufactured through the use of patterned electrodes,
featuring a predesigned configuration that controls the orientation of the LC director when an
electric field is applied™. Alternatively, the LC director can be directly managed through a
photoalignment layer, utilizing the polarization-sensitive properties of sulfonic azo dye

SD1[201],

For the grating types of LC-based vortex beam generators, one advantage lies in the ability
to control the topological number of the generated vortex beam through computer-generated
holograms. However, the fabrication process involves the use of techniques such as
photolithography or the incorporation of costly and toxic materials, such as those found in

photoalignment layer materials.

6.1.3 Spatial light modulator-based LC vortex beam generator

The LC-based spatial light modulator (SLM) represents a versatile type of vortex beam
generator. In its operation, the SLM is programmed with a specific phase pattern that aligns
with the desired topological charge of the vortex beam. This phase pattern imparts a helical
phase front to the beam, spiralling the phase around the beam axis and inducing a phase

singularity at the centre. Various methods can be employed to achieve this process. One such
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approach utilizes a Vector Optical Field Generator (VOF-Gen), capable of creating arbitrary
light beams at the pixel level through a high-resolution reflective LC SLM, independently
controlling phase, amplitude, and polarization[??l. Alternatively, the desired spatial phase
distribution can be modulated by loading a computer-generated hologram onto the SLM2%3],
Regardless of the method employed, the implementation typically involves the construction of

a relatively complex optical system.

6.1.4 LC diffractive spiral plate-based vortex beam generator

LC spiral plate-based vortex beam generator represents a distinct category of vortex beam
generators, operating on the principle of phase modulation through continuous refractive index
variation in the azimuthal direction. This modulation can be accomplished via different
techniques, such as employing a LC Diffractive Spiral Axicon (DSA)®2%! or utilizing an
electronically reconfigurable spiral phase plate?®®l. Some of the fabrication process of this type
of LC-based vortex beam generator involves the use of direct laser writing technology. This
state-of-the-art technique can be applied for electrode patterning or for manipulating a
polymer-stabilized LC mixture, thus ensuring the necessary alignment of LC director to
achieve the desired phase-change distribution. The integration of these precise control
mechanisms allows for the generation of vortex beams with specifically tailored properties,

catering to various applications.

6.1.5 Self-assembled defect-based vortex beam generator

Through the intrinsic property of orientational elasticity, LCs have the ability to self-organize.
This characteristic, coupled with the spontaneous generation of topological defects when
subjected to external fields, paves a natural way for constructing geometric phase optical
elements. The study of tunable optical vortex (OV) generators based on grid-patterned LC

(GPLC) units utilizes the concept of self-assembled defects for vortex beam creation. This type
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of vortex beam generator requires a specific orientation of the LC director and is constructed

in conjunction with patterned ITO electrodes?%®],

6.1.6 LC droplet-based vortex beam generator

The LC droplet is dispersed within water, forming micron-sized spherical droplets. Under the
influence of a surfactant (4’-n-pentyl-4-cyanobiphenyl, Aldrich), the LC director in these
droplets assumes a radially symmetric 3D spatial structure, centred on the sphere's core. This
behaviour stems from the creation of defects at the sphere's centre, leading the LC director to
distribute around this defect, as illustrated in Figure 6.4. Coupled with the birefringent
properties of the LC, this specific distribution gives rise to a helical wavefront, thereby
generating a vortex beam. While the fabrication method for this LC droplet-based vortex beam
generator is relatively straightforward, controlling the droplet's diameter proves to be a
challenge. Consequently, customizing droplets according to different application scenarios is
not easily achievable, which may limit the versatility of this approach in various optical

engineering contexts.
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Figure 6.4 Generation of an optical vortex from a radial nematic liquid crystal droplet™®l. Reproduced from
ref 19U with permission of the American Physical Society. © 2024 American Physical Society. All rights
reserved.

A review of the diverse LC-based vortex beam generators uncovers unique strengths and
weaknesses associated with each method. Broadly speaking, the majority of vortex beam
generators demand intricate fabrication processes that may include alignment layers or

encompass advanced technigues such as photoalignment, lithography, wet etching, and so on.
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This category comprises g-plates, diffractive spiral plates, and self-assembled defect-based
vortex beam generators. Some designs even require complex optical components, such as
SLMs. The exception to this trend is the droplet-based vortex beam generator, which, while
simpler to manufacture, does not offer the ability to tailor the droplet diameter to specific

requirements.

In this chapter, an innovative technique for fabricating an LC vortex beam generator is
presented that employs the use of inkjet printing technology. The vortex beam generator can
be activated and deactivated by the application and control of an electric field, respectively.
Providing a swift and user-friendly procedure, this approach enables the creation of high-order
vortex beam generators and/or arrays. The resulting device is both compact and versatile, with
on-demand fabrication and the ability to control beam generation, thus broadening the potential

applications of vortex beams and facilitating their integration into various optical systems.

6.2 Device Concept

Based on the preceding description of vortex beam generation, it is evident that the fundamental
mechanism revolves around the manipulation of phase distribution as light propagates through
the device. The vortex beam generator can be conceptualized as a half-wave plate, as illustrated
in Figure 6.5. Consider a single pixel within the half-wave plate. When circularly polarized
light traverses the device, it undergoes a phase shift, resulting in polarized light with a phase
difference of 20 relative to the input polarized light. For instance, when right circularly
polarized (RCP) light is input, the output is left circularly polarized (LCP) light with a 20 phase

shift.

When examining the entire half-wave plate, the polarized light's phase alteration depends
on the direction of the fast optical axis. For a structured half-wave plate of order 2, meaning

that the fast axis undergoes two full rotations from 0 to m, the input polarized light will be
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modified by this spatial distribution. As a result, with a predetermined input polarized light,
the output will comprise polarized light with varying phase angles, as depicted in the right
upper section of Figure 6.5. This output is referred to as a vector beam. In the case where the
input light is RCP, the output on each segment of the device is LCP with distinct phase shifts.
The resulting beam is termed a vortex beam, and this principle underpins both the device's

concept and its operational mechanism.
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Figure 6.5 Device concept of the vortex beam generator. The left box demonstrates that for one point on the
droplet device, when the input light is linear polarized light, the output is linear polarized light with 26 shift.
When the input light is left-handed circular polarized light, the output is right-handed circular polarized light
with 20 shift. The right box shows the whole device can be considered as a halfwave plate with order number
of 2.

6.3 Simulation of printed LC droplet vortex beam generators

For the simulations, a two-pronged approach was adopted. Initially, the device was treated as
a half-wave plate that produced promising far-field simulation results. Subsequently, this half-
wave plate was substituted with the simulation of the LC director distribution, facilitating the
computation of both the retardance and fast axis distribution. The procedure begins with the
configuration of predefined variables, encompassing the Gaussian laser beam's traits, peak field
constituents, and the Gaussian beam's location. The next step involved generating the Gaussian

beam that served as the input light field. The beam's amplitude profile was carefully set up over
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the computed area, utilizing a looping mechanism that covered each point in the input x-y plane.

Subsequently, the propagation of this light wave through a half-wave plate was simulated.

The Jones matrix, a mathematical framework, represented this layer's optical properties.
The Jones matrix was computed at each field point, incorporating the orientation profile of the
LC droplet that generated the vortex. Following this, the overall output field and light
transmission through the waveplate structure were computed to model the optical system's
performance. Afterwards, the far-field patterns were calculated by transforming the data into
the spatial frequency domain. The process concluded with the generation of a visual
representation, illustrating the total intensity of the input light field, the structure's transmission

between crossed polarizers, the far-field intensity components, and the total output intensity.
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Figure 6.6 The two processes for the far-field simulation. For each simulation, the input light beam is a
Gaussian beam with changeable beam size, peak field and beam location. The first row is the demonstration
of using the half wave plate as the device. The second row demonstrates using the simulated LC director in
the process.
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This model was further modified by using the simulated LC director distribution. The
retardance and fast axis distribution were then calculated from this LC director distribution.
The simulation procedure was based on the definition of certain constants, which included the
elastic constants of the LC and the applied electric field. Following the initial setup, grid points
were defined in both the axial and radial directions while specifying the number of relaxation

iterations and the corresponding parameter. These selections influence the simulation grid's
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structure and the characteristics of the relaxation process, subsequently impacting the accuracy

and convergence properties of the simulation.

Figure 6.7 Simulation results when the device was treated as a half-wave plate, showing the generation of
both vector and vortex beams. (a) vector beam generation: (i) The input light is linearly polarized. (ii) The
retardance distribution of the half-wave plate is shown. (iii) The simulated far-field distribution is presented
with a linear polarizer placed in front of the far-field. (iv) The simulated far-field distribution is depicted
with a linear polarizer, rotated 90<from the orientation in (iii), placed in front of the far-field. (v) The
simulated far-field results are shown without a polarizer placed in front. (b) vortex beam generation: (i) The
input light is circularly polarized. (ii) The retardance distribution of the half-wave plate is illustrated. (iii)
The simulated far-field distribution is shown with a linear polarizer positioned in front of the far-field. (iv)
The simulated far-field distribution is exhibited with a linear polarizer, rotated 90 “from the configuration in
(iii), placed in front of the far-field. (v) The simulated far-field results are showcased without a polarizer
positioned in front.

After configuring these parameters, two-dimensional arrays were created to monitor the
evolution of the tilt across the grid points throughout the iteration process. Next, we set up the
initial state for the tilt variable over the simulation grid, imposing specific boundary conditions
at designated grid points to simulate real-world experimental scenarios. The simulation then
advances through a relaxation procedure, involving a nested iteration scheme that traverses all
grid points over a predetermined number of iterations. In the course of each iteration, the
second derivatives of the tilt variable were calculated via a finite difference approach, and the
torque elements related to the elastic and field components were determined. Upon the

completion of these computations, the values of the tilt variable were revised based on the
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evaluated torque, marking the conclusion of a relaxation iteration. The updated values were

subsequently transferred to the previously defined arrays for use in the ensuing iterations.

Figure 6.7 illustrates the simulation results discussed in the previous section, where
the device was modelled as a half-wave plate. The top row displays results for a linearly
polarized input beam. The corresponding far-field images are presented in the subsequent
portions of this row. A simulation was conducted with a polarizer positioned in front of the far-
field image plane that was rotated by 90< the results are depicted in Figure 6.7(a) (iii) and (iv).
These results indicate the generation of a vector beam. The bottom row, in contrast, shows the
results for a circularly polarized input beam. The corresponding far-field images are depicted
in the subsequent sections of this row. Again, a simulation was carried out with a polarizer
placed in front of the far-field image plane that was rotated by 90 <and the results are presented

in Figure 6.7 (b)(iii) and (iv). These results confirm the generation of a vortex beam.

Figure 6.8 presents the simulation results obtained using the modelled LC director
field. These results display a high degree of consistency when the device was approximated as
a half-wave plate. By employing linearly polarized light as the input, as shown in Figure 6.8(a),
and circularly polarized light, as depicted in Figure 6.8(b), simulations confirm the generation
of vector and vortex beams, respectively. These results can be compared with those that will
be displayed later that were obtained from experiments. Notably, there is a remarkable
similarity between the two sets of results. Given the circumstances, a strong coherence between

the two sets of simulation outputs and the experimental findings can be asserted.
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(a)

(b)

Figure 6.8 Simulation results derived from the modelled LC director distribution, highlighting the
generation of vector and vortex beams. (a) vector beam generation: (i) The input light is linearly polarized.
(ii) The retardance distribution of the half-wave plate is displayed. (iii) The simulated far-field distribution
is shown with a linear polarizer situated in front of the far-field. (iv) The simulated far-field distribution
appears with a linear polarizer, rotated 90 °from its position in (iii), positioned in front of the far-field. (v)
The simulated far-field results are depicted without a polarizer placed in front. (b) vortex beam generation:
(i) The input light is circularly polarized. (ii) The retardance distribution of the half-wave plate is represented.
(iii) The simulated far-field distribution emerges with a linear polarizer set in front of the far-field. (iv) The
simulated far-field distribution is displayed with a linear polarizer, rotated 90 =from its setup in (iii), placed
in front of the far-field. (v) The simulated far-field outcomes are illustrated without a polarizer located in
front.

6.4 Experimental Procedure

6.4.1 Materials

The nematic LC mixture, E7 from Synthon Chemicals Ltd with ordinary refractive index, no =
1.52, and extraordinary refractive index, ne = 1.74, at a wavelength of 633 nm and a
temperature of 20 °C, was the primary material used in this vortex beam generator. Lecithin
from Merck was diluted into a 1 wt.% solution in an isopropanol (IPA) solvent from Merck,
that was used to align the LC director homeotropically. Polyvinyl alcohol (PVA) was
purchased from Merck and dissolved in deionized water (DI water) at a temperature of 100 °C

with magnetic stirring for 6 hours to obtain a 10 wt.% PVA solution.

6.4.2 Fabrication process

The whole vortex beam generator fabrication process is shown in Figure 6.9. ITO-coated glass

slides (Ossila) were cleaned with acetone (VWR Chemicals), IPA, and DI water successively.
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Lecithin solution (1% by weight in isopropanol) was then spin coated on the surface of the
clean ITO-coated glass slide at 800 rpm for 2 min and left for a period of time to allow for the
solvent to evaporate (Steps i to iii). The deposition of the lecithin solution was needed to ensure
a homeotropic alignment of the nematic LC droplet at the LC/glass substrate. This treated

substrate then served as a platform for the printing of the nematic LC droplet.

The printing procedure was executed utilizing a Jetlab-11 system (MicroFab Technologies
Inc), equipped with a three-axis translation platform that facilitated precise positioning of the
LC droplets. An integrated camera provided real-time monitoring of the droplet shape and
quality. Using a nozzle with an 80 um inner diameter (MicroFab MJ-AT-01-80), the system
printed LC droplets with in-flight and landed footprint diameters measuring 70 pum and 95 um,
respectively. The physical properties of the printed ink such as the viscosity and the surface
tension can have much influence on the printing process. We investigated printing with a
smaller nozzle than that presented here, with a 50 um inner diameter. However, the printing
process using such a nozzle is not very stable, due in particular to the combination of viscosity
and surface tension of the LC. We therefore chose the 80 pum inner diameter nozzle to realize

a stable and uniform printing process. The clearing temperature for E7 is 60 °C as introduced
in Chapter 3.4.3. Therefore, if the temperature is above 60 °C, the LC will be in the isotropic

phase which is substantially less viscous than at room temperature. For these printing
conditions, by printing 32 times at the same location, droplets with a footprint diameter of 280

um were obtained. (Step iv).

Two spacers were attached to the sides of the slide. A second glass substrate spin-coated
with a 10 wt.% wet polyvinyl alcohol (PVA) solution at 800 rpm for 30s (Steps v to vii)) was
positioned over the printed LC droplet to make sure the PVA solution was in a wet state when

attached to the other side. The device was then sealed with a UV-curable glue (NOAG5). The
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whole device was then placed in a UVP Crosslinker (analytikjena) for 20 mins of UV
illumination. After being sandwiched by the two ITO-coated glass slides, the thickness of the
device was 27 pm and the diameter of the printed LC droplet was found to be 360 pm. This
particular diameter was chosen based on our findings that the diameter of the droplet can

influence the operational performance of the printed LC droplet device.
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Figure 6.9 Fabrication process of the inkjet-printed LC vortex beam generators. (i) — (iii), deposition and
spin-coating of the lecithin solution for the homeotropic alignment. (iv) process for printing LC droplets
(and arrays thereof) onto the lecithin treated substrate. This includes an illustration of the side profile of a
printed droplet, shadowgraphy images showing the deposition of the LC, and a photograph of a 5 x5 array
of printed LC droplets. The inner diameter of the printhead used in this work was 80 um. 32 droplets were
printed onto the same location on the substrate resulting in a final footprint diameter of the droplet of 280
um. The height of the droplet was 40 pm. (v) — (vi) deposition and spin-coating of the wet PVVA solution
onto the top substrate to promote a radial alignment of the LC directly. (vii) lllustration of the inkjet-printed
LC vortex beam generator device with a diameter of 360 um and a height of 27 um. The nematic LC in this
case was the eutectic mixture, E7.
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6.4.3 Retardance and Fast Axis Characterization

A Mueller matrix (MM) polarimeter was employed to assess the optical attributes of the
devices, including retardance and fast axis orientation?®”, The method was based on the use of
a polarization state generator (PSG), and a polarization state analyzer (PSA). Both the PSG and
the PSA consisted of a polarizer and a motor-controlled quarter-wave plate, which allowed for
rotation of these components. A set of 30 images were captured based on varying combinations
of the PSG and PSA states. From these images, the MM of the devices was computed,

subsequently enabling the decomposition of the retardance and fast axis distribution.

6.4.4 Far-field Images

The experimental assembly used to record the images in the far-field is shown in Figure 6.10.
The process begins with a Helium-Neon laser, which acts as the principal source of light,
generating a coherent and focused beam. The filter functions to uniformly diminish the laser
beam’s intensity across the whole light spectrum, thereby providing a layer of protection for
the subsequent optical elements. Post-filter, a carefully aligned reflective mirror was employed
to guide the attenuated beam towards a quarter-wave plate. The quarter-wave plate was a
critical instrument in controlling the beam's polarization state. By rotating the plate's fast-axis,

it generated the required input for the experiment - either linearly or circularly polarized light.

Once the light had passed through the quarter-wave plate, it encountered a lens. The lens
was positioned to focus the incident laser beam onto the device., which ensured that the beam
radius was contracted to be smaller than the device's diameter, enabling the entire device to be
evenly illuminated. The device itself was linked to a function generator which applied an
electric field. This field was increased in steps of 0.1 Vep until it peaked at 9.12 Vpp which
provided an electric field of E = 0.17 V/ um. When subjected to this electric field, the device

responded by producing a vortex beam.
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Figure 6.10 The optical configuration used to capture far-field images. The system consists of a laser source,
a neutral density (ND) filter, a quarter wave plate, a lens and a white screen on which the far-field pattern
can be observed.

6.5 Experimental results

Figure 6.11 illustrates the optical characteristics of a printed LC droplet on a lecithin-coated
glass substrate (Figure 6.11(a)) as well as that for the printed LC vortex beam generator devices
without (Figure 6.11(b)) and with (Figure 6.11(c)) an applied voltage. For each device, the
series of images in each row is as follows: the initial image is of the optical texture on a
polarizing optical microscope (POM) with crossed polarizers, followed by an image that
depicts the optical retardance of the device. The third image in the sequence represents the fast
axis distribution, and the sequence concludes with a schematic representation of the director
distribution within the droplet/device. The changes observed in the optical properties when the
droplet was assembled into a device and a voltage was applied can be attributed to changes in

the distribution of the LC director within the droplet/device.
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Figure 6.11 A comparison of the optical properties of a printed LC vortex beam generator. a) nematic LC
droplet printed onto a lecithin-treated glass substrate; b) the printed LC vortex beam generator (i.e., printed
LC droplet between a PVA-coated glass substrate and the lecithin-coated glass substrate) with no applied
electric field; c) the printed LC vortex beam generator with an applied electric field of E = 0.17 V/um
(square wave, frequency = 1 kHz). The images in each row are as follows: the first image in this sequence
is a polarizing optical microscope image (white single-headed arrows denote the orientations of the polarizer
and analyzer) while the second image shows the corresponding retardance extracted from Mueller Matrix
(MM) polarimetry. The third image shows the fast axis distribution (also obtained from MM polarimetry)
and the fourth image illustrates the corresponding internal director distribution. The nematic LC was the
mixture E7 and the measurements were carried out at a temperature of 25°C. The thickness of the device
was 27 um. The unit of the retardance and fast axis distribution is degree (°).

The optical properties (namely the retardance and orientation of the fast axis) were
characterized using an MM polarimeter. This specific type of polarimetry based on the
determination of the MM is capable of evaluating the anisotropic optical attributes of
microstructures, including the birefringence and diattenuation®”l. When LC droplets were
deposited onto lecithin-treated 1TO slides, the LC director within the droplet generally aligned
homeotropically, i.e., perpendicularly to the substrate surface and the air interface. However,
due to surface tension, the director alignment shifted to become perpendicular to the interface

of the LC droplet and the air inside the droplet. This resulted in the formation of a distinctive
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dark cross pattern under crossed polarizers, as depicted in Figure 6.11(a). These director
distribution characteristics and the inherent birefringence properties of nematic LCs cause the
droplet's retardance to increase to the highest value and then decrease at the edge of the droplet

along the radius from the centre point to the edge.

When another ITO-coated glass slide, coated with a PVA layer, was introduced on top of
the droplet, the director orientation altered to align parallel to the surfaces, at this interface
thereby forming a ‘windmill'-like director distribution structure. The corresponding retardance,
demonstrated in Figure 6.11, exhibits marked differences compared to the pre-sandwiched LC
droplet. However, the phase shift induced by the new LC director distribution still does not
suffice to convert the incident linearly polarized light into a vortex beam. It is only when an
appropriate electric field is applied normally to the glass substrates that a vortex beam is
observed in the far-field. With the application of an electric field, the LC director tilts, causing

the device to function as a half-wave plate with a vortex beam order number m = 2.

A comparative analysis of the retardance (2" column in Figure 6.11) reveals that both the
original (without an applied electric field, Figure 6.11b)) and the field-tuned device (with an
electric field, Figure 6.11c)) display relatively uniform retardance distribution, albeit with
different values. The field-off configuration displays a markedly uneven retardance, resulting
in a broad range of values, whereas the field-on condition demonstrates a retardance ranging
from 140<to 180< This can be directly attributed to the tilt angle of the LC director within the
device. Further discussion on the simulation of the director distribution will follow shortly. The

fast axis (3" column in Figure 6.11) undergoes a 2 shift in the azimuthal direction.

In the context of Figure 6.11(b), which shows the sandwiched device in a state without
an applied voltage, a 90 shift was observed in the fast axis distribution. This shift arises from

the algorithm employed for the calculation of the MM, as well as the subsequent decomposition
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process for the retardance and the fast axis distribution results. During data processing, the
algorithm was designed to induce a flip when the retardance exceeded m, concurrently causing
the fast axis to undergo a 90 °shift. This phenomenon was not isolated to the case presented
but also manifests in the outer ringing of the retardance in Figure 6.11(b) and the fast axis
distribution in both Figure 6.11(b) and 6.11(c). The circular pattern in the central region of the
field-off condition, as seen in both the retardance and fast axis orientation diagrams, can be
attributed to a non-uniform director alignment in this area. This central region was minimized
with the application of an electric field. Another phenomenon observed in this device is
illustrated in Figure 6.11b). The POM image does not appear to be entirely consistent with the
retardance measurements. This discrepancy can be attributed to the relationship between
retardance and transmission intensity. In Figure 6.11b) and c), the retardance values are
unwrapped within the range of 0 to 180 degrees. However, the actual retardance of the device
is much higher than this range suggests. According to the Michel-Levy Birefringence Chart,
when the retardance is very high, as in this case, the transmission intensity does not vary
significantly despite changes in retardance. This limited variation in transmission intensity
could lead to the apparent inconsistency between the POM image and the retardance data, as
observed in Figure 6.11. For our droplets, the switching relaxation time is around 0.4s. The
reason is that the response time of LC devices is generally controlled by the length scale of the
structure formed, together with the elastic and viscous properties of the material. In our
structures, the key length scale is the thickness of the LC layer. Therefore, the switching speed
of our devices is very similar to that of a hybrid aligned nematic layer of 27 pm thickness. With

E7, such a layer has a relaxation time of ~0.4s.

For a more comprehensive understanding of the changes in the tilt angle of the LC director
under the influence of an electric field, simulations were conducted based on continuum theory

as introduced in Chapter 2.2.4. As previously discussed, this theory takes into account the
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elastic free energy, which describes the correlation between energy and the distortion that
results from any external influences. The free energy per unit volume (Fv) for an achiral

nematic LC can be written as
Fy = 2 Ky [V R]? 42 K[ - (VX R)]? + 2 Kalf x (VX R)J2 (6.1)

where n represents the director while K1, Kz, and Ks are constants representing the splay, twist
and bend distortions of the director, respectively. These three constants describe the "rigidity"
of the LC to director distortion. In this simulation, a 2-D model was employed utilizing a
cylindrical coordinate system defined by the radial coordinate r, measuring the distance from
the origin, and z across the device thickness. The angular coordinate &, signifies the tilt angle
between the positive x-axis and the line segment connecting the origin to the point. Following
a minimization of the Euler-Lagrange equation we obtain,

d a a d a .
%_a_r(@>_£<@> = —%COSQS]HB + (K3 -

ar 0z
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K;)sin 6 cos 8 (g—f) + (K; — K3)(cos 6% — sin 6?) Z_i?)_z — (K, sin6? +

629 . 629 : 96 2
K; cos 92)67 + 2(K; — K3) sin 6 cos 0, + (Ky — K3)sin@ cos 6 (6_2) +

(K3 sin8? — K, cos ?) 2272 (6.2)

A complete derivation is provided in the appendix. Simulations were carried out including
parameters such as the diameter and height of the droplet vortex beam generator as well as the
physical parameters of the nematic LC mixture, E7. As discussed, the optical properties of

these devices are intrinsically influenced by the distribution of the LC director.

Figure 6.12 illustrates the director distribution in a cross-section of the droplet/droplet
device, alongside their respective simulation results, including the retardance from the central

point of the droplet device to the peripheral ring. Figure 6.12(a) presents the results for an LC
121




Printing Techniques for the LC Droplet Optical Elements Chapter 6: LC Optical Vortex Beam Generator

droplet printed onto the lecithin-treated glass substrate before the assembly of the vortex beam
generator device. Subsequently, Figure 6.12(b) displays the vortex beam generator device in
the absence of any applied electric field, while Figure 6.12(c) shows the behaviour when an
electric field was applied that was of the amplitude required for the director distribution to
generate a vortex beam output. Each row in the figure presents a distinct set of sub-figures
corresponding to different states. The first sub-figure in each row illustrates schematically the
director distribution for the respective state. This is followed by a second sub-figure that depicts
a 2D simulation of the LC director, extending from the central point to the outer ring.
Subsequently, the third sub-figure shows the simulation results for the retardance, derived from
the simulated director distribution diagram, thereby shedding light on the link between director
distribution and the resultant retardance. The fourth sub-figure in each row presents the
corresponding simulated fast axis distribution, which complements the preceding retardance

simulation.
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Figure 6.12 Simulations of the director distribution within the vortex beam generator. a) results for a single
LC droplet printed onto a lecithin-treated glass substrate. b) vortex beam generator where no electric field is
applied. c¢) vortex beam generation under conditions of appropriate electric field amplitude. For each
depicted device, the sequence of images begins on the far left with a side view schematically illustrating the
director distribution, then the respective director simulation results (ranging from the centre to the outermost
ring), followed by the simulated retardance (3rd column) and fast axis profiles (4th column). The unit of the
retardance and fast axis distribution is degree (9.
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Considering the tilt angle of the LC director from the centre point to the outer boundary
of the droplet reveals that different devices display distinct average tilt angles. For the single
LC droplet printed onto the lecithin glass substrate, the tilt angle was found to continuously
change. Using the average tilt angle of the LC director to represent the director distribution
from the centre point to the outer boundary reveals that different devices display distinct

average tilt angles. The retardance was calculated via the following equation:

NeNg
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Figure 6.13 The accumulated retardance distribution along the radius of the printed droplet device with
the electric field applied.

In the equation, the integral is taken along the z-direction, representing the cumulative
optical effect across the physical thickness of the droplet device.; 4 is the wavelength of the
incident Gaussian beam; @ is the tilt angle of the LC director; ne is the extra ordinary refractive
index; and no is the ordinary refractive index of the LC. Therefore, the retardance is decided
not only by the tilt angle of the LC director, but also by the thickness of the droplet device. For
the single LC droplet printed onto the lecithin glass substrate, the average tilt angle was
observed to change continuously. When the retardance was calculated based on this LC director
distribution, it also varied, as demonstrated by the subsequent retardance image. This

variability in retardance does not meet the requirements for vortex light generation. In the
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context of the vortex beam generator that operates without the application of an external
electric field, the LC tilt angle distribution initially decreases, then stabilizes at a certain value
before dropping to zero. However, when a suitable amplitude of the electric field was applied,
the trend in terms of changes in the LC tilt angle remained the same, but the overall maintained
value remained relatively high. This resulted in a different retardance profile. Nonetheless, as
the LC director only tilts within the vertical plane, the direction of the director's minor axis

remains in the annular direction.

One thing to note is that in the process of mapping retardance, the values were constrained
to a range of 0 to 180< This was done in order to be consistent with the images of retardance
extracted from the Mueller Matrix (MM) polarimetry, which cannot measure the total
accumulated retardance. The total accumulated retardance values under the application of an

electric field are presented in Figure 6.13.

An analysis of the retardance and fast axis distributions, derived from the simulated
director profile, indicates a strong correlation between the simulation results presented in
Figure 6.12 and the experimental data obtained using a MM polarimeter as depicted in Figure
6.11, validating the efficacy of the modelling approach. There is evidently greater uniformity
exhibited in the simulation results, particularly in terms of retardance, whereas it can be seen
that there is some non-uniformity in the retardance in the experimental results. This
discrepancy primarily stems from imperfections in the alignment layer leading to non-ideal LC
director alignment. When an electric field was applied, the LC director reoriented under the
influence of the electric field, resulting in relatively uniform retardance, and thus very good

agreement between the results from simulations and experiments.

The simulation procedure was graphically presented in Figure 6.6. As previously

introduced, the simulation commences with the introduction of a Gaussian beam as the input
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light, which be manipulated in terms of dimensions, peak intensity, polarization state and
spatial positioning, thereby facilitating the investigation of the influence of these parameters
on the eventual outcome. The Gaussian beam subsequently passes through a phase distribution
zone, which was prescribed by the director distribution identified earlier. This zone plays a

pivotal role in forming the input light into a vortex beam.

Following the determination of the phase distribution, the far-field pattern of the vortex
beam can be ascertained through the deployment of the Fourier transform techniques. This
computation offers a view of the manifested vortex beam, revealing its size, intensity, and
location. In the final step, the simulation outcome is visually depicted as the resultant vortex
beam, thus providing a representation of the entire process. This illustrative tool serves as a
valuable resource for further exploration of vortex beam properties and the underlying

processes governing their generation.

To relate these simulations of the far-field pattern, a set of experimental procedures were
executed as detailed in the schematic presented in Figure 6.10. Examination of the device with
a single printed LC droplet vortex beam generator, in both the non-electric field and non-
optimal electric field conditions, revealed an absence of vortex light manifestation in the far-
field. It was solely in the instance of the application of the electric field of the appropriate
amplitude to the vortex beam generator device that a vortex beam, bearing the characteristic

doughnut shape, emerged in the far field (Figure 6.7).

Results from the experiments are showcased in Figure 6.14 for different input
polarizations. Both vector and vortex beams can be generated depending on the characteristics
of the incident light. For example, with linearly polarized incident light, a vector beam was
created, as shown in Figure 6.14(a). Conversely, when the incident light was circularly

polarized, it resulted in the formation of a vortex beam, demonstrated in Figure 6.14(b). A
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laser beam with a wavelength of 633 nm, when transmitted through the device, resulted in the
formation of a vector beam, illustrated in Figure 6.14(a) (Vv), in the far-field. The corresponding
far-field images, as seen in Figure 6.14(a) (iii) and (iv), were obtained by positioning a polarizer
at a relative orientation of 90<between the device and the far-field. This exemplifies the

generation process of the vector beam.

(a) (i)

Figure 6.14 Generation of the far-field vector beam (with linearly polarized input light) a) and the vortex
beam (with circularly polarized input light) b) for a printed LC device. (i) indicates that the input light is
linearly polarized, and (ii) shows the vortex beam generation device on a POM with crossed polarizers and
an electric field of E = 0.17 V/um. (iii) and (iv) display the far-field images when the polarizer between the
device and the far-field were set at angles of 0=and 90< respectively. (v) demonstrates the far-field in the
absence of a polarizer. For the vortex beam generation, (i) represents the circularly polarized input light, and
(i) shows the vortex beam generator device on a POM with crossed polarizers and an electric field of E =
0.17 V/um. (iii) and (iv) represent far-field images for orientations of the polarizer of 0°and 90 < respectively.
(v) depicts the far field without a polarizer between the device and the far field.

In contrast, when the input light was circularly polarized, a vortex beam appeared in the
far-field. Utilizing the same methodology, the two decomposed far-field intensities in mutually
perpendicular directions are demonstrated in Figure 6.14(b)(iii) and (iv), which were obtained

by introducing a polarizer and rotating it by 90<between the device and the far-field. The
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complete far-field intensity results, displayed in Figure 6.14(b)(v), represent a vortex beam.

This elucidates the generation process of the vortex beam.

One thing needs to be considered is that the diameter of the droplet device will influence
the generation of the vortex beam. The working principle for the vortex beam generator is based
on the area of radial orientation of the LC director’s alignment. Therefore, the working area is
the area between the centre point and the outer area where the retardance is around m. As
illustrated in Figure 6.15, for a very small droplet the director distortion extends over a large
proportion of the area and the working area is too small to generate vortex beam. And for rather
large droplets, the LC flow at the wet PVA surface during assembly means that the surface
anchoring may not be able to form radial alignment over the entire droplet area. Following
preliminary experiments, the 360 um droplet device was chosen to generate the vortex beam

generator as described in this paper.

a) b) c)

Figure 6.15 Demonstration of the influence of the device droplet diameter.

In this fabrication process, the LC director aligns in a specific way. When the LC is first
printed on the lecithin treated substrate, it provides vertical alignment of the LC director at the
substrate interface. Because of the surface tension, the LC director tends to align perpendicular
to the interface of LC and the air as shown in Figure 6.12(a). When the wet PVA coated

substrate is attached on the top of the printed droplet, due to the pre tilt of the LC director
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(caused by the surface tension), the LC director tends to align parallel to the wet PVA coated
substrate along the pre tilt direction. This is because unlike rubbed PVA, the wet PVA provides
planar alignment with no prior preferred direction. This provides the LC director configuration
as shown in Figure 6.12(b) which following voltage application becomes the director profile

shown in Figure 6.12(c).

In summary, the printed device offers an alternative and straightforward method for
fabricating switchable vortex beam generators. Details comparing different vortex beam
generators are available in Table 6.1. With drop-on-demand inkjet printing technology, the
device we have reported here features a customizable design with a low thickness. This
compact form provides the possibility for the generator to be integrated into various complex

optical systems.

Table 6.1 A comparison of different optical vortex beam generators.

Optical L Topological Diameter of the
Fabrication technology . Ref.
elements number device
Electron-beam lithography 1 - 143
Spiral phase Direct laser writing 1,2,3 - 144
late . diameter of 40 um and
P femtosecond 3D direct laser fame ?r 0 Him
. +H, #2, 43 a height of a few 145
writing .
microns
3D printing of photosensitive Diameter:101.6mm
. . P g P . 0, #, 2 . 146
Diffractive resin material height:6.997mm
optical elements 3D printing of rigid opaque
P PHTHNG Of TIGIE opad 0,41, 42, 43 76.2 mm 147
material
Computer- Analog camera 0, X, 4, 16 - 148
generated Electron beam lithography 1 - 149
holograms Lithography 1,23 Around 100 pm 150
Segmented 37-segment deformable mirror 1 - 151
deformable
. Deformable mirror 1,6,10 - 152
mirrors
Nanostructured -
Femtosecond laser writing H, 2 1.2mm 153
glass plates
Acoustically induced fibre
Mode converters + - 157

grating
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Mode selective coupler and an

H - 158
inner elliptical cladding fibre
. . PZT tubular actuator and
Helical mirror . 1,234 25mm 159
mirror
Dielectric
a stack of wedges 2,34 More than 1 mm 160
wedges
Electron beam evaporation 2 - 161
The unit cell (two varactor
. + 10mm X 10mm 162
diodes and three copper layers)
Metasurfaces .
Meta-atom (three metallic
layers and two F4B dielectric 1 11mm X 11mm 163
layers)
Our device Inkjet printing 2 360 um -
6.6 Summary

In this chapter, we discuss a vortex beam generator, a critical tool in advanced optics. Various
methodologies exist for fabricating such generators, although in this chapter discussion is
focused those based on LC technology. LC-based vortex beam generators can be categorized
into six distinct types: g-plates, gratings, spatial light modulators (SLM), diffractive spiral
plate-based, self-assembled defects-based, and droplet-based. These different designs were

considered, comparing their respective merits and drawbacks.

Following this comparative analysis, the chapter then delves into the design concept of the
printed LC-based vortex beam generator presented in this thesis. The working principle and
functionality of the design were substantiated through simulations and empirical measurements.
Details of the device fabrication process were outlined along with the materials used and the

precise methodologies employed for performance evaluation.

The results demonstrate an efficient and practical methodology for the generation of
vortex beams utilizing a device that contains a sub-millimeter size LC droplet that has been
fabricated using drop-on-demand inkjet printing technology. The representative device,

possessing a footprint diameter of 360 um and a thickness of 27 um, can generate both vector
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and vortex beams upon the application of an electric field with an amplitude of E=0.17 V/um.
The type of beam produced depends upon the polarization state of the incident light. The
fabrication process of this device is highly versatile, with the added advantage of enabling
customization in terms of the dimensions of the device and the ability to create arrays of vortex
beam generators of different configurations. The technique can be readily translated to mass
production for applications that potentially demand high volumes such as optical

communications.

Through our discussion of vortex beam generation, we have explored both the working
principles and applications of this technology. Building on this, the next chapter will delve into
another crucial measurement tool: the Stokes polarimeter, which shows that printed LC droplet

devices can be used for precise polarimetric analysis.

130



Printing Techniques for the LC Droplet Optical Elements Chapter 7: Stokes Polarimetry

CHAPTER 7 Printed Liquid Crystal Droplet for
Stokes Polarimetry

7.1 Introduction

A polarimeter is a scientific technique used to measure and analyse the polarization properties
of light. A polarimeter provides offers additional information beyond the intensity of light,
enabling a more comprehensive understanding of light properties and their interactions with
materials or objects. The polarization data obtained through a polarimeter reveals crucial details
about the composition, structure, optical characteristics, and environmental factors. This
knowledge contributes to advancements in various fields such as biomedical research!2%8-20%1,
material sciencel?®l, and environmental studies!?!?l, encompassing diverse substances like
cancerous tissuel®!, bulk tissuest?'?l, nanohole lattice!®*] righthanded a-quartz?*4l, soill215],
and urban/manmade materials[?°],

Among the different polarimeter measurements, the methods predominantly employed are
the Stokes polarimeter?7-2181 and Mueller Matrix polarimeter measurement(?1°-22%1 The Stokes
polarimeter was named after the Irish physicist George Gabriel Stokes??!l, who made
significant contributions to the understanding of light polarization. The primary function of a
Stokes polarimeter is to measure the Stokes parameters, which provide a complete description

of the polarization state of light.

7.1.1 Polarized light

Polarized light refers to light waves in which the direction of the oscillation of the electric field
light vector remains constant or varies in a certain well-defined pattern. Only transverse waves
have polarization properties. E.L. Malus discovered the polarization property of light in

180812221, Different objects have different effects on the polarization state of light. For example,
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when light passes through or reflects off different surfaces or passes through materials, the
polarization state of the light can change. By detecting this change, information about the

measured object can be obtained.

Polarized light can be represented in many different ways, including as a trigonometric
function, a Jones vector??, Stokes vector??4l, on a Poincarésphere 2%, etc. Here, we mainly
focus on the Jones vector and Stokes vector methods. For the Jones vector method, polarized
light of any state is represented by two linearly polarized components with mutually

perpendicular vibration directions. The arbitrary polarized light can be expressed as:

onefaxl

7.1
[E ] [EO e/% (7.1)
Separately, the Stokes vector, which was introduced by Stokes in 1954, consists of four

parameters that can be represented as

I So Iy + Iy
_ el =[S = | fo— leo 29
U S Iys — I35 (72)

Ss3 I, + I

where Syrepresents the total intensity of the light; S; represents the difference between the
polarization components in two orthogonal directions, horizontal and vertical; S, represents
the difference between the linear polarization components in the two directions of -45<and 45<
S5 represents the difference between the left-handed circular polarization component and the
right-handed circular polarization component. Compared with the Jones matrix which can only
represent completely polarized light, the Stokes vector can represent both completely polarized

light and unpolarized light.
For fully polarized light

S¢ = SE+5S2+52 (7.3)
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For unpolarized light
SZ > S2 452+ S2 (7.4)

For natural sunlight
S2 =82 =82 (7.5)

Figure 7.1 shows different states of polarized light that are represented by the Stokes
vector. For unknown light, the degree of polarization (DOP) is introduced to define the

proportion of polarized light in this beam, which can be calculated as follows,

/52+52+52
p=la_ Y " P1>p>0) (7.6)

Itol So
1 1 1 1 1
0 1 -1 0 0
Stokes vector:
0 0 0 1 0
0 0 0 0 1
Symbol: ¢;%<Z><» } ///, (:::}

Completely Horizontally ~ Vertically linear +45° linear Right circular
unpolarized  linear polarized polarized polarized polarized (RCP)

Figure 7.1 Stokes vector for different states of polarized light.

Aside from the DOP, the degree of circular polarization (DOCP) can also be used to represent

the percentage of the circular polarization of the light that can be shown as follows,
S3
DOCP = = (7.7)

The degree of linear polarization (DOLP) defines the ratio of the intensity of linearly polarized

light to the intensity of the entire polarized light,

Si+ 83

OLP =

(7.8)

0
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7.1.2 Mueller Matrix Polarimeter

The Mueller matrix is a 4 <4 matrix that can represent the polarization properties of a material
or system. It can be used to analyze the polarization properties of various materials, such as
polymer materialst??], biological tissues??’??°l and optical componentsi®%. The Mueller
Matrix Polarimeter is a powerful tool in the field of polarization optics and can be used in a
wide range of applications, including remote sensing!?3-2%1 biomedical imaging?'? 234-2361

and material analysis[?# 237-239],

—_———— e — -

Source P1 Ql D O P2 Q2 L CCD

Figure 7.2 The typical experimental arrangement for the Mueller Matrix polarimeter when measuring
the printed droplet device. L: lens; Q1, Q2: quarter wave plate; P1, P2: polarizer; D: the droplet device;
O, objective lens. Light source: red LED with a central wavelength of 625 nm.

Figure 7.2 shows the experimental system of the Mueller Matrix polarimeter used in this
work. In this setup, the Polarization State Generator (PSG) is used to generate polarized light
with different states of polarization by rotating the quarter wave plate. The Polarization State
Analyzer (PSA) is used to analyze the light beam that passes through the printed droplet device.
The combination of the PSG and PSA can help to measure the state of the polarization of the
light that passes through the droplet, enabling the polarization properties of the printed droplet

device to be determined.

7.1.3 Stokes Polarimeter
A Stokes polarimeter is used to measure the state of polarization (SOP) of the light. When

performing the measurements, generally four equations are required to be obtained so as to
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solve for the four parameters to obtain the polarization properties of the unknown beam.
Therefore, the working principle of the polarimeter is to obtain four sets of equations in
different ways, which need to generate incident light with four different polarization states, so
that four sets of different light intensities are detected by the detector after passing through the

measurement system.

There are two main types of polarimeters depending upon whether the data acquisition is
time sequential or there is a simultaneous detection of Stokes parameters. Both types of
polarimeter have advantages and disadvantages. For the time sequential data acquisition Stokes
polarimeter, rotation of the component[?-24l1  photoelastic modulators??, LC variable
retarders®*®l are the three main types that are used. Most of these are simple and easy to use
but they can only provide static measurements and are time-consuming. Additionally, the
photoelastic modulation polarimeter requires a high voltage although the switching speed for
the phase retardance is fast compared with LC variable retarder polarimeters.

For the other type of polarimeter that enables simultaneous measurement of the parameters,
these can be divided into division-of-amplitude polarimeter (DoAmP)[?44-241  Division of
aperture polarimeter (DoAP)2472481 Dijvision of wavefront polarimeter (DoWP)[24%-2511 and
Division of focal plane polarimeter (DoFP)12522%4 . The DoAmP generally uses a polarizing
beam splitter or other optical components to divide the incident light beam into four sub-beams
which pass through different optical components and are received by four detectors. It does not
need mechanical movements or electric signal addressing and offers a high-processing
efficiency method. However, the optical system is complex and multiple CCD detectors are
needed, which makes the whole system be bulky and expensive. DoAP also divides the light
beam into four parts, but in this case the uses an objective lens and collimation optics to form

the image of the objective lens aperture onto a mini-lens array which is then followed by a
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CCD detector. Even though the DoAP only needs one detector, the optical system design is
still complicated, and its implementation costs are high.

Aside from DoAmP and DoAP, DoWP is also an important type of Stokes polarimeter.
To use the DoWP technique, it is necessary to first expand the incident light. After that, the
light should be split into four separate beams, each of which will pass through different optical
components. Typically, two of the channels will contain a linear polarizer (LP), while another
channel will have a quarter wave retarder (QWR) followed by a linear polarizer. The remaining
channel will be left clear of any components. However, this system has a high-quality
requirement for the incident light. It must exhibit uniform polarization across its entire cross-
sectional area. Additionally, the light that is transmitted from the sample being measured must
illuminate each photodetector equally. In order to ensure accurate measurements, the absolute
responses of all the photodetectors must be identical. Alternatively, the system can be
calibrated to account for any differences in response. The experiment configuration used in this
chapter is based on this later type of polarimeter (DoWP).

Finally, DoFP is a type of polarimeter that integrates micro-polarizer arrays onto the
detector. Each group of four micro-polarizers includes polarizers oriented in four different
directions (0, 45, 90, 135). This system is small in size and light in weight and is also easy to
integrate into other optical systems. In addition to the polarimeters introduced above, there is
also a type of polarimeter based on spectral modulation. This type of polarimeter has the
capability to manipulate the polarization properties of the incoming light and map them onto
the spectral dimension of the light wave. This results in the generation of a sinusoidal curve
that exhibits regular variations in both the degree and angle of linear polarization. By applying
demodulation techniques, it becomes possible to extract important parameters such as the
degree of linear polarization, angle of linear polarization, spectral information, and intensity of

the light.
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The polarization of light transmitted through or reflected by an object can carry
information related to it. Analyzing the information through the polarization state carried by
the beam could help gain more information. For example, it could be used in atmospheric
remote sensing ?°°! including the characterization of aerosol particles?®®l, scattering properties
of the atmosphere and the cloudbow features®®l. Besides, in the target detection field, the
Stokes polarimeter could help to analyze the characteristics of complex distributed targets. In
addition, the Stokes polarimeter can be used for biomedical diagnosis?>2¢°. |t is a non-
invasive, non-destructive in vitro detection method. Moreover, for the application of the earth’s
land surface detection, it could provide large-scale real-time monitoring by the help of a Global
Navigation Satellite System which can provide information related to soil moisture, vegetation
cover, etc!?6l, Consequently, a Stokes polarimeter is a crucial measurement tool for a large

variety of fields.

7.2 Division of Wavefront Polarimeter (DoWP)

As previously introduced, the operation of a wavefront polarimeter resides in the partitioning
of incident light within the cross-sectional plane of the optical beam. Subsequently, the
partitioned light beams are individually directed into distinct polarization analysis channels.
Normally, each of these polarization analysis channels necessitates bespoke optical elements
and a minimum of four such channels are imperative. The operational concept of the Degree
of Polarization (DoWP) is illustrated in Figure 7.3. Defined by four Stokes parameters, the
solution of the indeterminate parameters requires a minimum of four distinct equations, thus
entailing four measurements. The variable "M" within the illustration signifies the varied
optical characteristics inherent to the optical components traversed by the incident light,
imparting potential alterations upon the polarization state of the incoming light. The symbol
"D" within the diagram designates the detector located within each channel, exclusively

capable of recording the light's intensity, denoted as "i". The inclusion of four channels in the
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system introduces a layer of complexity that not only complicates calibration but also has the

potential to induce additional errors.

In this chapter, we explore a single-shot measurement method that leverages the unique
properties of printed LC droplets. As indicated in Chapter 6 (Figure 6.12), the LC director
distribution within the droplet gives rise to spatial variations in optical retardance and fast axis
orientation across the droplet area. It follows that each point on the droplet possesses distinct
optical characteristics capable of altering the polarization state of incident light. Consequently,
it is potentially feasible to achieve comprehensive polarization measurements by employing

just four strategically selected points on the printed LC droplet device.
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Figure 7.3 The working principle of a Division of Wavefront Polarimeter (DoWP).

The experimental setup is depicted in Figure 7.4., which consists of a PSG that includes
a collimating lens, a bandpass filter, a polarizer, and a quarter-wave plate. These components
are utilized to generate various states of polarization (SOP) which are used to mimic the
unknown input polarized in the measurement procedure. It is not a part of the polarimeter. The
LC droplet polarimeter, another component of the setup, comprises a printed LC droplet, an
imaging lens, a polarizer, and a camera. The LC droplet plays a crucial role in analyzing the
polarization state of the incident light. The imaging lens helps to image the light onto the LC
droplet, while the polarizer allows the selection of different intensities of different SOP on its
polarization orientation. The camera captures the transmitted light and facilitates the

measurement and analysis of the polarization state.
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L1: collimating len;

1
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1 ] ] 1 ] ] ' L2: imaging lens;

| r L L ! F: band pass filter;

1 \\ = 1 P1 and P2, polarizer:

i ; \ Q: quarter wave plate.
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CCD measured the light intensity

PSG LC droplet Polarimeter

Figure 7.4 Experimental setup of the printed LC droplet Stokes DoWP. The diameter of the printed droplet
is 365 um. L1 is a collimating lens; F1 is a band pass filter; P1 and P2 are polarizers; Q is a half wave plate;
LC droplet is the printed device; L2 is an imaging lens. Light source: red LED with a central wavelength
of 625 nm.

The polarimeter, based on the printed LC technology that is the subject of this thesis,
comprises a mere four components: a printed LC droplet, a lens, a polarizer, and a CCD camera.
This streamlined design obviates the need for mechanical manipulation of the optical elements,
the division of light paths into multiple beams, or the incorporation of an electrical control

module. As a result, the configuration is both cost-effective and elegantly simple.

7.3 Droplet device fabrication and characterization

Figure 7.5 illustrates the fabrication process of the inkjet-printed LC droplet Stokes
Polarimeter, which was carried out using a computer-controlled Microfab Jetlab Il printer for
automated printing, as described in Chapter 3.3.2. The process commenced by spin-coating a
lecithin solution, composed of 0.02% lecithin and 99.98% Isopropyl Alcohol, onto glass slides
that were previously cleaned with acetone, at a spin rate of 1200 revolutions per second. This
layer encourages a homeotropic alignment of the LC director, as depicted in the upper left
corner of Figure 7.5. During the printing phase, a nozzle with an inner diameter of 80 pm was
utilized. The lower portion of Figure 7.5 features shadowgraph imagery that captures the entire
printing process, from meniscus formation to the production of an individual droplet and its

eventual deposition onto the pretreated substrate.
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The smallest achievable droplet diameter in mid-air was found to be about 70 um, but it
expands to approximately 100 um upon contact with the substrate, in accordance with the
observations presented in the previous chapters. To create a larger droplet, a technique of
depositing 62 droplets at a single point was employed, resulting in a droplet with a final
diameter of 365 um as described in Chapter 6.4.2. The image of the printed LC droplet can be
seen in the bottom right of Figure 7.5, showcasing the uniform diameter of the droplets.
Additionally, a side view of the printed LC droplet is represented in the figure above it. The
upper right corner of Figure 7.5 details the specific printing parameters used. A wave of 50
Vpp was applied to trigger the piezoelectric actuator within the printhead, with the entire

process lasting 43 seconds.

f N\
Spin coating of the ( Inkjet printer > Volrago(v)

Lecithin layer

29 9 Y
4 19 time(s)

Side view of the single
printed LC droplet

Riiote eSS s e

_________________

Printed LC I arrays

Printing process

Figure 7.5 The device fabrication process of the printed LC Stokes DoWP. Central in the figure is the
Microfab JetLab Il printing system, which is operated through computer control to facilitate automated
printing. In the upper left quadrant of the figure, we observe the pre-treatment of glass slides, a step crucial
for fostering homeotropic alignment in the LC director. The upper right portion of the figure presents the
printing parameters that are instrumental in actuating the piezoelectric element within the printing nozzle.
These parameters are vital for driving the internal piezoelectric component of the printhead. Situated at the
bottom of the figure is the shadowgraph imagery, providing a visual account of the inkjet printing process.
Finally, the lower right corner showcases an array of printed LC droplets.
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Figure 7.6 depicts a printed LC droplet as viewed on a polarizing optical microscope with
crossed polarizers. The diameter of the printed droplet is 365 um. As elaborated upon in
Chapter 6, the LC director is oriented perpendicularly to both the substrate and the droplet
surface. This specific alignment of the LC director, combined with the birefringent property of
the LC, gives rise to unique optical effects. Specifically, regions where the LC director aligns
with the direction of the polarizers tend to block light transmission, resulting in a black
appearance. Conversely, other areas of the droplet permit the passage of light with varying
intensities, leading to a display of different brightness levels or intensities when observed under

the microscope.

Figure 7.6 The printed LC droplet on a polarizing optical microscope with crossed polarizers (indicated by
the single-headed white arrows). The diameter of the droplet is 365 pm.

7.4 Results and discussion

As discussed, each point on the droplet can be considered as a wave plate with a distinct fast
axis direction and retardance. Then the whole printed LC droplet device can be considered as
having n identical sub-beams incident on n miniature wave plates. In theory, measuring four
points on the droplet would suffice since the Stokes parameters contains four unknown

parameters. However, increasing the number of measurement points reduces the potential error.

Figure 7.7 shows the patterns of retardance and the orientation of the fast axis within the

printed LC droplet. This was measured with a Mueller matrix polarimeter as introduced in
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Chapter 5. The retardance gradually increases from zero at the central points to 180=when
moving along the radial direction, and then decreases back to zero at the outer edge of the
droplet. Simultaneously, the orientation of the fast axis undergoes two cycles of increasing
from zero to 180<in the azimuthal direction. The principle of this configuration can be
described as follows: A paraxial beam, characterized by a consistent SOP, enters the initial face
of the apparatus, which can be conceptualized as a series of n/2 diminutive wave plates with
varying degrees of retardance and fast axis orientation owing to the symmetrical construction
of the device. This interaction culminates in the generation of distinguishable patterns

observable on the CCD.

Given that both the wave plates and polarizers are representable via the Mueller matrix,
the Stokes parameters of the incident light can be determined. This process is facilitated by
measuring the intensity of the light beam as detected by the CCD, which fluctuates in response
to the diverse SOPs that emerge from distinct sections of the droplet device. Figure 7.8 displays
the images captured by the CCD, corresponding to standard input SOPs. These include linearly
polarized light at 0°(H), 90°(V), 45<(P), and 135<(M), as well as left-hand circular polarized

light (L) and right-hand circular polarized light (R).

If we denote the input light as s, = (Sm (S uS s ) and the light beam captured by the

5 lﬂ3

CCDhass = (s{m S s ) with 'Mp' representing the Mueller matrix of the polarizer and

out

'‘Maroplet’ representing the Mueller matrix of the droplet device, we can express their

interrelationship through the following equation,

S =M -M__ -S (7.9)

out P droplet in
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However, it's important to note that the CCD can only register the intensity of the received light
beam. As a result, only the first row of the Mueller matrix can be utilized for computation.

Hence, the first row of Mp is denoted as

P

M (1) =(TI, T,0, 0) (7.10)

where Ti signifies the transmission ratio along the transmission axis, disregarding the

transmission ratio along the extinction axis.

As previously discussed, the Mueller matrix of the droplet device can be conceptualized
as n small waveplates where n is the pixels of the image captured by the CCD, each with
different retardance on and fast axis 6. The measurement process allows us to obtain results

in a single, direct attempt. In light of this, we can express 'Mdroplet' as follows:

1, 0, 0, 0
0, cos?26 +sin20 cosd , 0.5sin40 (1 —cosd ) —sin26 sind
n n n n n n n
M S
droplet 0, 0.5sin46 T(1 —cosd t) sin?26 o+ cos226 lcosé 1 co0s20 lsinc) ) (7.11)
0, sin28 Isiné‘ I —co0s26 lsiné' ] c0o8d 1

If Equation (7.10) and Equation (7.11) are brought into Equation (7.9), the following result can

be obtained

; =T -5 +T -(c(1s32() + sin?20 cosd ).s‘, +0.57T -sind®? (] —cosd ).c, —T -sin20 sind s,
m.ul ! m“ I n n n ml I n n I n nou

(3}
In 3

HJ?

(7.12)

Thes  represents the intensity of the nth pixel recorded by the CCD. Therefore, the total

On

intensity could be expressed as follows,

/= (7.13)

s , 8 , S , S goanyg 8 r
()mm Uutnz (mt03 (mto4 ()utD"
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First, by using a set of SOPs with known Stokes parameters, the instrument matrix A could be

defined as follows,
A=I-§~1 (7.14)

where A is a matrix with n rows and 4 columns. Given that n should exceed 4, there are more
than 4 equations involved in the calculation process. Consequently, we utilized the least squares
method to address the over-determined systems, ensuring the most optimal fit for the
instrument matrix. Then for an unknown SOP, the Stokes parameters could be calculated with

the following equations,

S=A-L.7 (7.15)
180 ° ) 90 °
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Figure 7.7 The optical properties of the printed droplet (a) the retardance of the printed LC droplet device
and (b) the fast axis orientation.

Figure 7.8 CCD-captured images for typical input SOPs, measureing linear polariszd light at 0°(H), 90
(V), 45°(P), and 135¥M), along with left-handed (L) and right-handed (R) circularly polarized light.
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The measurement optimization process employed the use of three separate methodologies.
As described before, in theory, only four distinct points on the printed LC droplet are required
for a comprehensive analysis, given that the Stokes parameters consist of four components.
The selection of these four points greatly influences the measurement accuracy, making it
imperative to choose them with care to minimize errors. Prior studies on optimizing the Stokes
polarimeter have tackled this challenge by identifying four optimal points based on criteria that
the fast axis orientations should be at 15.12< 51.69< 128.31< and 164.88 < with the retardance
at these points being 13271, This strategy ensures minimization of the measurement errors
and enhances the precision of polarization analysis. The first method that is considered in this
chapter uses the four selected special points on the droplet device. However, there are actually
four series of points that actually meet these requirements so this is the second method that is

considered. For the third method, all the points on the droplet are selected for the measurement.

7.4.1 Method 1

Drawing from existing research that optimized the computational procedure through the
application of a condition number!?!, the retardance was set at 132< Meanwhile, the fast axis
angle was designated at 15.12< 51.69< 128.31< and 164.88 < By selecting four points on the
droplet device that satisfy these conditions, we can obtain results with acceptable errors. This
is because these specific parameters produce the minimum condition number, as described in
detail in %621, Figure 7.9 displays the four chosen points, which were subsequently utilized to

calculate the instrumentation matrix using the previously introduced method.

180 °
Il40°

100 °

I4n°
-

164.88° 128.31°

51.69°
15.122
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Figure 7.9 The four selected points are characterized by a retardance of 132 <and fast axis angles at 15.12<
51.69< 128.31< and 164.88<

Figure 7.10 presents the experimental outcome, illustrating the measurement process as
follows: initially, the instrument matrix A is measured. The polarizer is then rotated from 0<to
180<in 4<increments, encompassing a total of 45 steps. This results in the generation of 45
unique linearly polarized light beams. Subsequently, with the polarizer fixed at zero, the
quarter-wave plate undergoes another 45 rotations from 0°to 180< producing 45 distinct
elliptically polarized light variations. The camera then captures the intensities of these 90
different polarization states, from which the instrument matrix of the four specific points is
calculated. Using this computed matrix, a new set of SOPs is generated and introduced into the

device to simulate the unknown polarization of the incoming light.

In Figure 7.10(a), a polarizer is depicted rotating from 5<to 175<in 10<increments,
totalling 18 steps and creating 18 different linearly polarized light beams. After normalization
with So, the lines in the plot signify the simulated results, while the points represent the
experimental data, displaying a remarkable consistency. Turning our attention to Figure 7.10(b),
with the polarizer fixed at zero, the quarter-wave plate performs 18 rotations from 0°to 180
giving rise to 18 unique elliptically polarized light forms. It is evident that the experimental
and simulation results exhibit similar overall trends, but not all individual polarization
measurements yield satisfactory outcomes. Specifically, the measurement of Ss depicted in

Figure 7.10(a) is not very consistent with the simulation results.
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Figure 7.10 Experimental results for the method using four special points on the printed LC droplet
(represented by circle markers for si, triangle markers for sy, and square markers for s3) as well as the
calculated results (depicted by a red line for sy, blue line for s, and green line for s3) of the Stokes parameters.
These measurements were obtained for different incident States of Polarization (SOPs). (a) In the
polarization state generator (PSG), the polarizer was rotated in 18 equal steps spanning 180<°to achieve
varying incident SOPs. (b) The Polarization State Generator (PSG) was set with a fixed 0<polarizer, and the
quarter-wave plate rotated in 18 in even increments across 180 to achieve diverse incident SOPs.

7.4.2 Method 2

It is widely understood that, without considering efficiency, selecting more points typically
yields better results. Given that there are more than four points that satisfy the condition for a
lower condition number, we have chosen four series of points for the measurement and
calibration process. Figure 7.11 demonstrates these four selected series of points. The same

procedure was repeated to capture a total of 90 images for measurement and 36 images for

calibration, as detailed in the previous section.

180 °
'I40°

100 °

I40°
-

164.88° 128.31°

Figure 7.11 The four chosen series of points satisfy the criteria of having a retardance of 132< and individual
fast axis angles at 15.12<, 51.69< 128.31< and 164.88<
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Figure 7.12 Experimental results for using the selected four series of special points (represented by circle
markers for s1, triangle markers for sy, and square markers for s3) as well as the calculated results (depicted
by a red line for s1, blue line for sz, and green line for s3) of the Stokes parameters. These measurements
were obtained for different incident States of Polarization (SOPs). (a) In the polarization state generator
(PSG), the polarizer was rotated in 18 equal steps spanning 180<to achieve varying incident SOPs. (b) The
Polarization State Generator (PSG) was set with a fixed 0°polarizer, and the quarter-wave plate rotated in

18 even steps across 180 °to achieve diverse incident SOPs.

Figure 7.12 presents the corresponding results obtained using these four selected series of

points. The data plotting method remains unchanged. When compared to the results derived

from only four points, these results show improved accuracy. The experimentally obtained data

points are closely scattered around the simulated curves, exhibiting relatively small errors,

whether the incident light is linearly polarized or circularly polarized.

7.4.3 Method 3

The third approach considered in this chapter involves utilizing all the points on the printed

droplet device, as depicted in Figure 7.13 within the region demarcated by the white lines. The

remaining measurement procedures and data plotting processes align with those of the two

preceding methods.
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Figure 7.13 All the points on the printed droplet are selected for the measurement.

Figure 7.14 presents the results obtained from the experiment. Based on the experimental
observations, the experimental results are nicely aligned with the simulation result line, with
hardly any discernible discrepancies. Among the three methods, this approach exhibits the best
performance, regardless of whether the simulated incident light is linearly polarized or
circularly polarized. Only when the incidence angle is 15<for linearly polarized light does

some small error manifest, but in the grand scheme of things, its impact is negligible.
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Figure 7.14 Experimental results using all the points on the printed droplet device (represented by circle
markers for s, triangle markers for s, and square markers for sg) as well as the calculated results (depicted
by a red line for s1, blue line for s, and green line for s3) of the Stokes parameters. These measurements
were obtained for different incident States of Polarization (SOPs). (a) In the polarization state generator
(PSG), the polarizer was rotated in 18 equal steps spanning 180 “to achieve varying incident SOPs. (b) The
Polarization State Generator (PSG) was set with a fixed 0°polarizer, and the quarter-wave plate rotated in
18 even steps across 180 °to achieve diverse incident SOPs.

The results depicted in Table 7.1 presents an error analysis corresponding to the three

methodologies elucidated above. These results were obtained under illumination with a 625
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nm red LED. Different polarized light states were generated using various polarization state

generators (PSGs) for the measurements. The calculation of the error is shown as follows,

Ssi —S +|Ssi =S .t |Ssi —S;
error = | simu_1 mea_ll | stmu,znmeazl | simu_n mea_nl (716)

where ssimu represents the simulation and the smea represents the measurement results. These
results primarily encompass three of the Stokes parameters, normalizing the parameter So. The
analysis reveals that employing all pixels captured by the CCD delivers superior outcomes with
each parameter's error of approximately 1% or even less. Four sets of data, each with a
retardance of 132< yield errors around the 2% mark. Nevertheless, the error resulting from
computations using solely four points ascends to roughly 4%. This evidence suggests that
employing all points provides the best accuracy for the Stokes polarimeter. However, it should
be noted that this computational process generally demands more time relative to the other two
methods. Thus, there is merit in contemplating the balance between measurement precision

and computational efficiency.

Table 7.1 Error comparison for the three different methods considered in this chapter.

Error Analysis 4 points (%) 4 series points (%) All points (%)
Si 2.20 1.81 0.62
Sz 4.02 2.02 0.61
S3 4.17 2.12 0.47

The above results demonstrate the efficacy of the LC droplet device, affirming its
successful implementation as a Stokes polarimeter with an impressive error margin of
approximately 1% for each Stokes parameter. The entire measurement process can be
accomplished in a singular, simultaneous test, offering an efficient and time-saving approach
to Stokes parameter measurement. Moreover, the system configuration, composed of a glass

slide bearing a printed LC droplet, an imaging lens, a polarizer, and a CCD, maintains a level
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of simplicity that promotes easy integration into other optical systems. The measurement
process is free from any mechanical movements or additional electrically triggered components,
further streamlining the system in comparison to conventional Stokes polarimeters.
Additionally, the diameter of the printed LC droplet can be readily customized to cater to
various application requirements, enhancing the device's versatility and broadening its range
of potential applications. The design of this system is ease of use, reducing economic and
technical barriers to accessibility. The system's unique blend of cost-effectiveness and
simplicity makes it a desirable choice for a wide variety of Stokes parameter measurement
applications. Future explorations could concentrate on incorporating various optical functions

within the same framework, aiming to develop a versatile, multi-purpose sensing system.

One important point to note is that throughout the measurement process, the polarized
light was used which was generated by a polarization state generator (PSG). This approach
allowed us to conveniently compare the measurement results with the known Stokes
parameters of the generated polarized light, ensuring consistency and reliability. For future
research, it would be beneficial to incorporate incoherent or unpolarized light into the
measurement process. This addition would provide a more comprehensive evaluation of the
system's performance and broaden the applicability of the experimental results, making the

study more complete.

7.5 Summary

The focus of the discussion in this chapter centres on the development of a new Stokes
polarimeter rooted in the DoOWP mechanism that uses printed nematic LC droplets. For our
measurements, we adopted three distinct methodologies. Initially, we employed merely four

points, each adhering to predefined retardance and fast axis angle conditions. Our subsequent
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approach expanded this to four series of points that conformed to the same criteria. Lastly, we

encompassed all available points on the printed LC droplet.

Our findings coupled with error analyses indicate a discernible trend. Utilizing the entirety
of the CCD-captured pixels culminates in the best precision, with most parameters' errors
dropping to around 1% or even less. Conversely, when relying on four distinct data sets with a
consistent retardance, errors hover around 2%. Relying on only four distinct points for
computation escalates this error to an approximately 4%. These observations underscore the
efficacy of leveraging all available data points for optimal accuracy in Stokes polarimetry.
However, it's worth noting that this comprehensive computational approach necessitates a more
prolonged duration in comparison to its counterparts, underlining the trade-off between

precision and efficiency.
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CHAPTER 8 Conclusions and Future Work

This chapter summarises the key findings from the work presented in this thesis and proposes

topics and experiments that could be explored in the future.

In this thesis, drop-on-demand (DoD) printing has been investigated, encompassing both
inkjet and electrohydrodynamic (EHD) methodologies. The principal printing ink explored was
that based upon liquid crystalline mixtures and variants thereof. The overarching objective of
this research was to harness the potential of DoD printing to innovate optical components
suitable for an array of applications. Contrasted with conventional fabrication methods such as
lithography, laser writing, and wet etching typically employed in microstructure creation, DoD

printing emerges as an efficient, time-conservative, and cost-effective alternative.

Two distinct inkjet printers were employed in this research. The first, sourced from
Microfab, offers high automation, controlled via computer interfaces, facilitating intricate
pattern printing. In contrast, the second apparatus, a bespoke creation by a senior member of
the research group, boasts flexibility. Its modular design ensures adaptability, allowing us to
customize each component. Within our group, a senior member and | pioneered the
construction of the EHD printing system. To the best of our knowledge, it is the first instance
where EHD printing has been harnessed to dispense nematic liquid crystals (LCs), achieving
droplets with diameters as small as approximately 1 um. In the upcoming sections, | will
provide an overview of the key achievements and findings presented in this thesis. Additionally,

potential avenues for future research will be described.
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8.1 Concluding remarks

This thesis presents results on the application of a new EHD printing system for the
dispensation of LC mixtures. When compared with the inkjet printing system, EHD, given
identical nozzle diameters, typically achieves smaller diameters of the printed droplets. To
further refine the droplet diameter and furnish automated control over printing patterns, the
system has been enhanced to include temperature and position regulation features. Our findings
reveal that the incorporation of a heating element, when used with a metal printhead, can further
decrease the droplet's diameter. Additionally, with the implementation of the position control
model, intricate patterns such as the word “Oxford"” can be rendered. This offers an efficient

method for producing patterns with exceptionally fine droplet diameters.

To glean a deeper understanding of the interplay of various parameters in the printing
process, simulations were employed utilizing COMSOL Multiphysics. This model aptly
simulated both the inkjet and EHD printing processes; the latter was emulated by simply
deactivating the electric field. In terms of the inkjet printing process, the impact of back
pressure was explored which could influence the diameter of the printed droplet. Exploration
of EHD printing using simulations encompassed multiple parameters: the inlet flow rate of the
printing ink, the imposed voltage, the nozzle-to-substrate distance, and the voltage pulse
duration. Through these analyses, we discerned how such parameters influence the diameter of
printed droplets. Such insights stand to greatly streamline our efforts in actual printing,

enabling us to achieve the desired droplet diameter with enhanced precision and efficiency.

The first application demonstrated within this thesis was dedicated to smart window
technology. Historically, research on smart windows predominantly revolved around film
devices. However, we have used printing to demonstrate the patterning of smart windows,

offering functionalities such as signage for guidance and other purposes. Working with a senior
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colleague | have demonstrated printed PDLC smart windows, characterized by their ability to
scatter when light when devoid of voltage, transitioning to a transparent optical state under an
applied electric field. Following on from this work, the thesis reports the use of polymer-
stabilized chiral nematic LCs for patterned smart window applications. Intriguingly, this smart
window's behaviour can be inverted based on the fabrication process, which cannot be readily
achieved using PDLCs. In its conventional mode, the device scatters light without a voltage
and becomes transparent under an appropriate electric field. Conversely, in the reverse mode,
the default state of the device is optically transparent, becoming scattering upon the application
of a sufficient electric field. Remarkably, the composition of the printing material remains
consistent across both modes. This innovation in patterned smart windows broadens the
spectrum of potential applications. Their dual-mode functionality, paired with customization

capabilities, presents a potential game-changer in the smart window application arena.

Future research avenues in the realm of smart window applications have a range of
possibilities. While the current focus primarily centres on harnessing the electrooptical
properties of LCs, the thermotropic nature of these materials—where temperature can induce
a phase change from anisotropy to isotropy—presents a potential avenue for temperature
indication. Moreover, the present design for patterned smart windows employs rigid glass
slides, which inherently lack flexibility. Transitioning to more pliable substrates, such as ITO-
coated PET film, could pave the way for printed flexible smart window applications. Such
innovations and explorations have the potential to further expand the scope and versatility of

smart windows grounded in printed LC technology and its mixtures.

Following the demonstration of printed polymer-stabilized chiral nematic LCs for use in
dual-mode smart window applications, the thesis then considered the potential of printed LCs
in other optical components. The first new component investigated was a vortex beam

generator formed using printed LC droplets. Standard methodologies for producing vortex
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beam generators using LCs have typically necessitated intricate fabrication processes,
including lithography, direct laser writing, or the use of photoalignment materials such as SD1
to align the LC director. As a novel alternative, the thesis reports a vortex beam generator
crafted using printing technology, offering an economical and straightforward fabrication

process.

The thesis outlines the fabrication process and has examined the resulting optical
properties using simulations of the LC director distribution and the vortex beam generation
process, which were then compared with the results from experiments. Empirical evidence
revealed the capability of the printed droplets to generate both vector and vortex beams with a
topological number of 2, accomplished by changing the input light beam from linearly
polarized light to circularly polarized light. Notably, there was a match between our
experimental and simulation results, underscoring the validity and potential of our innovative

approach.

In future work, there is potential to refine and advance our approach further. At present,
our concept for the vortex beam generator requires the use of electric fields to manipulate the
director distribution, facilitating the generation of vortex or vector beams. Utilizing an external
electric field in this manner, however, might not be the most cost-effective or efficient. As an
alternative, incorporating UV-sensitive LC polymers into the LC droplet device may be worthy
of further study. Upon applying the appropriate electric field and achieving optimal vortex
beam generation, the mixture could be exposed to UV light, inducing polymerization and
thereby "locking™ the LC director in place. This would obviate the need for a sustained electric
field in subsequent beam generation processes. This approach represents an energy-conserving
method, albeit without the flexibility of toggling the vortex beam generation on or off. Such a

static mode might be particularly apt for scenarios where constant vortex beam generation is
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desired, especially if there is a requirement to keep the droplet device affixed to experimental

equipment without frequent removal or adjustment.

Drawing on prior experiences in optical device applications, the next optical component
was the use of the printed droplets in a new Stokes polarimeter. It was shown that the printed
LC droplet exhibits varied retardance and fast axis values across different regions of the droplet,
which provides a means of measuring the Stokes parameters, eliminating the need for external
electrical input or components that require mechanical adjustment. Such a system promises

swift, efficient, and straightforward Stokes parameter measurements.

The calibration process considered three distinct measurement methodologies. The first
involved using four specific points, which had to fulfil certain conditions: a retardance of 132<
coupled with fast axis angles of 15.12< 51.69< 128.31< and 164.88 < The second methodology
expanded on the first by using a series of points that conformed to the previously mentioned
criteria. Lastly, the third method employed every point present on the printed droplet device.
These approaches are all based on preceding research geared towards optimizing a Stokes
polarimeter. All methods delivered promising results, with the third method standing out as it
achieved an error margin of less than 1%. However, this precision does come at the cost of
extended processing time. The optimal method can be tailored to fit specific application

scenarios and requirements.

Moving forward, the realm of Stokes polarimetry presents a plethora of opportunities for
research exploration. At present, our accomplishments are centred around point sensing,
allowing us to measure Stokes parameters at a singular point. However, the introduction of
printed LC droplet arrays could pave the way for imaging capabilities, adding potential
possibility to further application. Furthermore, the potential to develop the Stokes polarimeter

for biomedical applications is vast. For instance, it could be instrumental in gauging the
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polarization of light as it traverses through biomedical tissues, providing insights into tissue

properties and health.

In terms of materials, while our current model employs a nematic LC, diversifying the
types of LC used could be beneficial. Exploring materials with varied refractive indices, or
even experimenting with larger dimensions for the printed droplets, could lead to a range of
retardances, potentially enhancing the device's capabilities and precision. Each step forward

could contribute to the refinement and augmentation of this already promising technology.

8.2 Future work

8.2.1 Gratings (LC array)
The main applications explored in the thesis are achieved by using the inkjet printing technique.
In the meantime, | have also explored some other applications using the EHD printing

technique since it could achieve a droplet diameter of only 1 um.

R

Figure 8.1 Circular aperture diffraction.

For example, the printed LC droplet arrays could be used as diffraction gratings. Diffraction is
an optical phenomenon describing the propagating of a light wave!?%3l, As shown in Figure 8.1,

when a light wave is potentially obscured, it will form different waves when it passes through
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the hole which could cause different light intensity distributions in the far-field. Consequently,
as light propagates and encounters specific components, termed diffraction gratings, there is a
resultant alteration in its phase front. Diffraction gratings consist of periodic microstructures
that can alter the phase front or the amplitude of the incident light. Therefore, based on the
modulation, diffraction gratings can be categorized into phase gratings and amplitude gratings.
However, diffraction can also occur when light does not encounter an obstruction but instead

passes through diffraction gratings made of materials with varying refractive indices.

At present, a plethora of methodologies exist for making dielectric gratings. Noteworthy
among these are photolithography?®¥, electron beam lithography®] interference
lithography!2%¢], nanoimprint lithography?71, jon beam lithography!?¢8l, direct laser writing!25°,
focused ion beam techniques?’, chemical etching®, and laser ablation?’?, to enumerate a
few. These methodologies are used across a range of materials, encompassing photoresists?’®l,
Si02l2) polysilicon?™ thermoplastic ~ polymers?’8l,  metallic  constituents?’"],

semiconductorst?78-2791 and so on.

Liquid crystals also play an important role in diffraction gratings. For example, LCs have
already been used with a direct laser writing process to fabricate stretchable gratings?®°! and
Dammann gratings?®* within my group. In this section, the utilization of EHD printing
technology is explored for the fabrication of a particular category of dielectric grating. The
fundamental principle behind this device hinges on producing micro-droplet structures atop a
glass slide substrate, thereby establishing a region with distinct dielectric disparities around a
designated area. When the light passes through this area, the printed droplet device can serve

as a diffraction grating.

Figure 8.2 illustrates the experimental apparatus deployed for the described procedure. A

laser emitting at 635 nm was first passed through a Neutral Density (ND) filter to attenuate its
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power. Subsequently, the light beam was directed through a lens to constrict its diameter,
ensuring it remains narrower than the size of the array of the printed droplet diffraction gratings.

Lastly, the screen shows the replay field pattern observed from the diffraction grating.

Lens

PN
Laser (635nm) ND Filter Sample Screen

Figure 8.2 Schematic of the experimental setup for characterizing the printed droplet diffraction gratings.

Figure 8.3 is a simple demonstration that the EHD printed LC droplet array device could
be used as a diffraction grating. A 10 %10 droplet array with 1 micron in diameter was printed
on a lecithin treated glass slide. Although from the result of the replay field pattern, the first
diffraction spot is quite obvious, it still shows strong potential for the EHD printing technology
used in the fabrication of optical components. The EHD printed droplet diffraction gratings
could be used for the splitting of the light beam into a number of diffracted light beams which

could be used in a large variety of applications.

Figure 8.3 The replay field pattern observed from the screen with the EHD printed droplet array device.

160



Printing Techniques for the LC Droplet Optical Elements Chapter 8: Conclusions and Future Work

In summary, this ability of EHD printing to deposit highly precise, micron-scale droplets
offers a straightforward and efficient method for the fabrication of LC gratings. Looking
forward, the thesis suggests avenues for future research, including the development of
stretchable LC gratings. This would involve depositing 1 pum LC droplets onto a flexible
substrate, a process that promises to be relatively simple yet innovative, potentially providing

a simple process for microstructure fabrication.

8.2.2 Optical Skyrmion Generator

Skyrmions, conceived by Tony Skyrme in the nuclear physics realm of the 1960s12%2, are
topological solitons distinguished by attributes of stability, minimal energy consumption, and
swift dynamics, features that have elicited interest within condensed matter physics. Recently,
the exploration of skyrmions has extended beyond their traditional domain and permeated into
the field of photonics. Within this new realm, skyrmions manifest as confined wave packets
within select optical materials. This venture into the optical domain heralds a deeper
comprehension of skyrmions and inaugurates a multitude of novel application opportunities.
Furthermore, research on skyrmions has transcended beyond evanescent fields?®® and
encapsulated diverse domains such as structured medialt® 284281 free spacel?6-2671 space-
time[?8 and momentum spacel®®’. The multifaceted exploration promises profound
advancements in numerous applications, including optical tweezers, microscopy, displacement

metrology, optical communications, and quantum entanglement.

Concurrently, the study of optical topological quasiparticles that share similarities with
skyrmions has emerged as a captivating frontier within photonics. This burgeoning domain
encompasses entities such as merons?®, bimerons?®Y, hopfions?®?l, bimeroniums2®%,
skyrmionium?®®!, skyrmion bagsf?®®-2%4, skyrmion bundles[?®®!, skyrmion braidsf?®®l, torons[?°7],
and heliknotons!?®4, each demonstrating distinctive topological structures and characteristics.

For instance, merons and bimerons, acclaimed for their intricate polarization and phase
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distribution patterns, lend themselves to advancements in information encoding and processing.
Furthermore, three-dimensional quasiparticles like hopfions could potentially revolutionize
optical data storage and manipulation. Moreover, complex composite entities, namely
bimeroniums and skyrmioniums, displaying sophisticated spatial structures, hold promise for
the crafting of resilient and adaptable photonic devices. These quasiparticles can be brought
into existence by leveraging vectorial structured light beams, created through methods
incorporating gradient-index lenses?®®, polarization interferometersf?®®l, metasurfaces®%!, and
more. This work specifically dwells on the generation of skyrmions in optical fields utilizing

inkjet-printed LC droplets.

In this work, | have considered the use of printed LC droplet arrays as a mechanism to
facilitate the generation of higher-order optical skyrmions, as well as intricate higher-order
optical skyrmionium and meronium arrays. There are basically three different types of
skyrmions as shown in Figure 8.4. Figure 8.4(a) depicts a skyrmion structure, where varying
colours represent different vector orientations in space. For instance, black represents the
vector that is perpendicular and points upwards, while white signifies the vector that, although
perpendicular, directs downwards. The intermediate colours illustrate a gradual transition in
spatial orientation. However, due to the varying spatial distribution of vectors, skyrmions are
generally categorized as one of the following: Neel-type, Bloch-type, and Anti-type, as

depicted in Figure 8.4(b), (c), and (d).

As Figure 8.4(a) shows, the structure's northern point is characterized by a vertically
oriented vector pointing upwards, which is delineated by a white hue. Conversely, at the
southern point, there exists a vertically oriented vector pointing downwards, manifested with a
black hue. These specific attributes have been employed to translate this three-dimensional

skyrmion structure into a two-dimensional schematic. Within this illustration representation, a
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consistent colouration is indicative of vectors located within the same longitudinal plane, while

gradations in the said colour imply vectors positioned at varied latitudinal coordinates.

In Figure 8.4(b), a Neel-type skyrmion is illustrated. Within this figure, i) illustrates the
2D structure. For clarity and simplification, one might opt to utilize solely hue variations to
signify the vectors at different spatial positions, as presented in ii). Furthermore, iii) provides
insight into the vector distribution confined within the delineated dashed box. In Figure 8.4(c),
an analogous illustration is presented for the Bloch type, while Figure 8.4(d) offers a congruent
depiction for the corresponding Anti-type of the optical skyrmion. As described in the figure,
the vectors of distinct skyrmion types exhibit varied spatial distributions. For instance, certain
distinctions become evident upon examining the vector distributions within the delineated dash

boxes for each skyrmion type.

In the Neel type, the vector undergoes a 360-degree rotation co-planar with the distribution
plane. Conversely, in the Bloch-type skyrmion, the vector completes a 360-degree rotation in
a plane perpendicular to the distribution plane. The Anti-skyrmion presents a more complex
behaviour, seemingly amalgamating characteristics from both Neel and Bloch types at different
regions. Normally, the skyrmion number is used to describe how many times the vector wraps
around the unit sphere. All types of skyrmions shown in Figure 8.4 have the skyrmion number

of 1.
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) Neel-type Bloch-type
(p=1,m=1,y=0) p=1,m=1,y=mn/2)
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skyrmionics vector beam 111)

a) b) 0)

Figure 8.4 a) Illustration of the skyrmion translation from a 3D structure to 2D structure with hue colour. b)
Neel type skyrmion. c) Bloch type skyrmion. d) Anti type skyrmion. In each figure, i) is the vector
distribution, ii) is the corresponding hue colour representation for the vector distribution. iii) is the vector
distribution in the dashed box (in the corresponding figure (i)) for each type.

Aside from the skyrmion number, there are three characters that could be used to
characterize the different vector orientations. Here, we could use polarity, vorticity and helicity
to describe these three types. The concept of polarity is employed to characterize the orientation
of the central vortex nucleus. When the vector at the nucleus' focal point is orientated vertically
and directed upwards, the polarity is assigned a value of positive one (+1). Conversely, when
the vector is oriented vertically and directed downwards, the polarity is denoted as negative

one (-1).

The types of skyrmion listed in Figure 8.5 have a polarity of 1 which could be represented
as p = 1. Vorticity is a term applied to delineate the rotational direction of a vector distribution
along a given radius, symbolized by the variable 'm'. Should the vector rotate in a clockwise
direction, the vorticity is considered positive. In contrast, a counterclockwise rotation of the
vector is indicative of negative vorticity. The magnitude of the vorticity is determined by the
number of complete rotations executed by the vector. Helicity is utilized to quantify the vector's
own rotational disposition within the plane tangential to the circle's centre. By establishing an

orthogonal coordinate system for each vector with one axis along the radius and the other
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orthogonal to it, the vector component aligned with the radial axis would possess an angle of
0, which can be represented as y = 0. For vectors exhibiting a direction antithetical to the
aforementioned orientation, the resultant helicity value would be y = . Furthermore, depending
on the specific distribution of the vectors, helicity can assume angular values of -/2 and 7/2,

respectively.

m=1 m = -1

NAOS
y=0 = i =
Zinbe it

VTR e e = e=lo
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Figure 8.5 The demonstration of the Neel- type, Bloch-type and Anti-skyrmion type with different values
of vorticity and helicity.

Printed LC droplets could potentially facilitate the generation of higher-order optical
skyrmions, alongside intricate multi-bimerons and hybrid states. The fabrication process of this
device would be the same as that of the Stokes Polarimeter as described in Chapter 7. The
experimental setup for the generation of an optical skyrmion is shown in Figure 8.6. In the
generation process, the quarter wave plate rotates to generate different SOP. The component C
in the setup representing the quarter waveplate or half waveplate is added depending on the

generation of different types of optical skyrmion.
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-

Source P Q C D 0 CCD

Figure 8.6. The setup for the generation of an optical skyrmion. P: polarizer; Q: quarter waveplate; C
is either a quarter waveplate or half waveplate; O: objective lens; D: droplet device.

To demonstrate the efficacy of the LC droplet device in generating optical skyrmions, a
comparative analysis was conducted between the skyrmions produced by the printed device
and a theoretical simulation, both represented with hue coding for clarity. The skyrmion
generated by the LC droplet device, as depicted in Figure 8.7(a)i), is identified as a high-order
skyrmionium with an order number of 2. Similar to Figure 8.1 a), black represents vectors that
are perpendicular and point upward, while white corresponds to vectors that are perpendicular
but point downward, with the intermediate colors illustrating a smooth spatial transition. This
use of different colors effectively represents the three-dimensional skyrmion in a two-
dimensional format. Accordingly, in Figure 8.7 (a) i), the black core region signifies vectors
oriented perpendicularly upward. The gradual color shift from black to white and then back to
black along the radial direction reflects the continuous spatial reorientation of vectors,

symbolizing the skyrmionium's formation process.

Comparatively, using MATLAB, illustrated in Figure 8.7(a)ii), exhibits a similar
structural arrangement, particularly in the core region where the vectors are directed upwards,
and in the outer ring where a white colour signifies downward perpendicular vectors. This
resemblance validates the accuracy of the printed LC droplet-generated skyrmions against
theoretical models. Additionally, a future avenue for research could be the generation of

another optical skyrmion variant known as bimeronium, which comprises four sub-bimerons.
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Differing from traditional skyrmions, a bimeron can be conceptualized as a soliton, essentially

constituting half of a skyrmion.

In the specified configuration of this bimeronium, the presence of four distinct bimerons
is observable. When these observed entities are compared to the simulation results, there is a
coherence between the bimerons that were generated and their simulated counterparts.
Theoretical considerations suggest that the transition of a skyrmion from its original three-
dimensional structure to a two-dimensional form can be envisaged as an unwinding process
from a polar origin, either from the southern or northern extremity. The optical skyrmions
produced through our printed LC droplet method exhibit remarkable agreement with the
theoretical simulations. These two instances demonstrate that the LC droplet device could be

employed as a generator of optical skyrmions.

b)

) Large droplet

i) HWP & drop]et

iii) QWP & droplet @ @B Y

iv)  Small droplet

Figure 8.7 Optical skyrmion generation based on a printed LC droplet device. a) A comparison of generated
Skyrmionium by the printed LC droplet device with a large droplet diameter (420 pm) and the corresponding
simulation. i) Experimentally generated skyrmionium with input SOP corresponding to left-handed circular
polarised light. ii) The corresponding simulation results of the inner part of i). iii) The experimentally-
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generated skyrmionium with input SOP corresponding to linear polarised light. iv) The corresponding
simulation results of one quarter of iii). b) Generation of different Skyrmion beams via different input SOPs
and different combinations of the printed LC droplet device. i) Optical skyrmionium generated using a
printed LC droplet device with a footprint diameter of 420 pm. ii) Optical skyrmionium generated via the
combination of a half wave plate and the printed LC droplet device with a footprint diameter of 420 pm. iii)
Optical skyrmionium generated via the combination of a quarter wave plate and printed LC droplet device
with a footprint diameter of 420 pum. iv) Optical skyrmionium generated with a printed LC droplet device
with a smaller droplet diameter of 260 um. In each row, o represents the input SOP that is left-handed circular
polarized light; B represents the input SOP that is linear polarized light, and y represents the input SOP that
is right-handed circular polarized light.

By changing the different SOPs as the input, the optical skyrmion and skyrmion field
generated after passing through the device also differs, and the results vary according to the
diameter of the printed LC droplets. Figure 8.7(b) shows the results. The first line demonstrates
the different incident SOPs from the left-handed circular polarized light, linear polarized light,
and right-handed circular polarized light. The generated results are shown in Figure 8.7(b) i) a

and [ are discussed before in Figure 8.7(a).

Upon integrating the thin film droplet device with a half-wave plate and a quarter-wave
plate, diverse optical skyrmions can be generated contingent upon the incident SOPs. This
predicts that our LC thin film-based droplet device holds promise as a generator for optical
skyrmions. Notwithstanding, all generated optical skyrmions consistently exhibit a flux value
of zero, which presents challenges for its immediate application in optical communications.
There is a pressing need for further investigation to adapt it effectively for communication
applications. Nonetheless, this serves as a testament to the potential of the LC thin film-based
droplet device in producing optical skyrmions. This insight suggests that through meticulous
control over droplet size and alterations in the assembly of optical components, one can tailor-
made skyrmion structures. These custom formations are potentially advantageous for a broad
spectrum of applications or research inquiries, indicating a promising frontier for optical

manipulation and photonic device innovation.
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This chapter has summarized the key achievements of the thesis, initially outlining the
main technologies utilized—specifically, inkjet printing and Electrohydrodynamic (EHD)
printing—and then providing the principal findings from each chapter. The thesis describes the
application of these printing technologies using LC mixtures as the ink, offering a
straightforward and environmentally sustainable method for the creation of functional droplet-
based devices. Furthermore, it presents two potential areas for future research: LC droplet array
gratings and optical Skyrmions, thereby broadening the scope of possibilities in the field of

printed functional droplet-based devices.
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Appendix

The process of formula derivation is involved in the simulation mentioned in the thesis.

In this simulation, the LC director is considered in a polar coordinate system which is described

with the angle 6 with axis r.
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a6 89

. 26\ . 2 2 o 026
K;) sin 6 cos 6 (5) + (K; — K3)(cos? 8 — sin 6) — (K; sin” 8 + K5 cos” 0) z +

, 262 s 2 o 026
2(K; — K3) sin 6 cos 0 + (K1 — K3) sin@ cos 6 (6_2) + (K3 sin“ 8 — K, cos” ) 7

(A.15)

These equations were used for the simulation process.
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